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GENETIC  AND  EVOLUTIONARY  CHARACTERIZATION  OF 
PLANT  PATHOGENIC  XANTHOMONADS  BASED  ON  DNA 
SEQUENCES  RELATED  TO  THE  hip  GENES 


Three  pairs  of  oligonucleotide  primers  specific  for  different  regions  of  the 
hypersensitive  reaction  and  pathogenicity  ( hrp ) genes  of Xanthomonas  campestris  pv. 
vcsicatoria  were  designed  and  used  for  amplification  of  homologous  DNA  sequences 

campestris  pv.  transluccns,  and  X.  albttineans . from  nonpathogenic  xanthomonads,  or 
from  plant  pathogenic  strains  of  the  genera  Acidovorax,  Agrobacterium,  Ciavibacier, 
Erwinia,  Pseudomonas,  and  XyleUa . DNA  fragments  amplified  with  a particular 

xanthomonads.  However,  the  restriction  analysis  of  these  fragments  by  using  frequent- 
cutting  endonucleases  revealed  variation  in  the  banding  pattern  of  these  /rr/r-related 
fragments.  The  banding  patterns  allowed  distinction  of  the  strains  representing  a 
pathovar  or  species  of  plant  pathogenic  xanthomonads. 


I for  the  hrp  fragn 


using  other  methods.  The  restriction  banding  profiles  generated 
may  be  an  easy'  and  a discriminating  approach  for  identification  of  plant  pathogenic 


CHAPTER  1 
INTRODUCTION 


fragariae  and  of  28  paihovars  of X.  campeslris.  DNA  sequence  variation  in  tile 
related  fragments  was  investigated  by  restriction  endonuclease  analysis,  and  the 
evolutionary  relationship  of  these  hrp  gene  sequences  was  assessed  based  on 
phylogenetic  analysis  of  the  restriction  fragment  data-  The  DNA  amplification 
technique  was  also  examined  for  specific  detection  and  identification  of  plant 
pathogenic  xanthomonads  and  to  delect  plant  pathogens  associated  with  plant  ss 


nples. 


CHAPTER  2 

REVIEW  OF  LITERATURE 


The  genus  Xanthomonas  includes  six  species  containing  plant  pathogenic 
bacteria  (Bradbuiy,  1984, 1986)  that  occur  worldwide  and  cause  economically 
important  diseases  on  several  plant  crops.  The  species  X.  campestris  is  the  largest  and 
consists  of  at  least  125  different  pathovars  (Bradbury,  1984. 1986).  The  basis  for 

is  by  means  of  the  capability  of  the  bacterial  strain  to  cause  characteristic  disease  or  by 
their  host  range  (Dye  et  al.,  1980;  Vauterin  et  al„  1990a;  Young  ct  al„  1992).  The 

significant  problem,  and  can  be  achieved  by  using  different  techniques,  such  as 
biochemical  and  physiological  tests,  serology,  protein  profiling,  and  fatty  acid  and 
nucleic  acid  analysis  (Bradbury,  1984;  Holtctal.,  1994;  Schaad,  1988;  Vauterin  et  al., 
1990ab).  Despite  a range  of  different  techniques  available,  the  differentiation  at 

different  pathovars  may  be  genetically  and  phenotypically  closely  related. 


(Obaia  and  Tsuboi,  1972;  Mahania  and  Addy.  1977).  Furthen 


geographical  distribution  of  the  strains.  In  a similar  study,  six  MABs  were  used  to 
group  323  strains  of*  campesiris  pv.  dicflcnbachiae  isolated  from  different  plants  of 
the  Araceac  family  (Lipp  et  al.,  1 992).  The  strains  of  *.  campesiris  pv.  dicflcnbachiae 
were  serologically  heterogeneous  and  1 2 major  scrogroups  were  identifred.  The 

cause  diseases  on  citrus  are  also  serologically  diverse  (Alvarez  etal.,  1990, 1991; 
Benedict  et  al.,  1985;  Gottwald  et  al.,  1991;  Permar  and  Gottwald,  1989).  AnMAB 

strains  ofB.C,  and  D forms  of  citrus  canker  (Alvarez  etal.,  1991).  Although  this 

and  with  a strain  of*,  campesiris  pv.  manihotis.  However,  in  serological  studies  with 

the  strains  of  the  groups  B.  C,  and  D forms  of  citrus  canker  (Alvarez  et  al.,  1991; 
Civerolo  and  Fan,  1982).  The  citrus  bacterial  spot  pathogen,  * campesiris  pv. 

strains  of this  pathogen  (Alvarez  etal.,  1991;  Gottwald  etal.,  1991).  Although* 
campesiris  pv.  citrumelo  is  serologically  distinct  from  strains  of*  campesiris  pv.  citri, 
some  strains  of  the  citrus  bacterial  spot  pathogen  share  a common  epitope  with 
members  of  other  pathovars  of  * campesiris  (Alvarez  et  al.,  1991 ; Gottwald  et  al., 
1991).  The  diversity  of  *.  campesiris  pv.  citrumelo  is  also  reflected  genetically  and  in 
differential  host  reactions  (Alvarez  et  al..  1991;  Egel  etal.,  1991;  Gottwald  etal.,  1991; 
Graham  and  Gottwald,  1990). 


ng  different  pathovars  of  * campesiris  by  using  MABs  is  t 
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Pathovar  specific  MABs  have  been  developed  that  read  specifically  with  all  strains  of 
a pathovar  ofX.  campeslris  that  usually  cause  disease  in  a single  host,  as  for  example, 
X.  campeslris  pv.  begoniae  and X,  campeslris  pv.  pelargonii.  On  the  contrary,  no 
pathovar  specific  MABs  were  produced  that  react  with  all  strains  of  a pathovar  that 
have  a large  host  range,  such  as  X.  campeslris  pv.  campeslris,  X.  campeslris  pv.  citri, 
and  X.  campeslris  pv.  dieffenbachiae. 


The  analysis  of  fatty  acids  by  gas  chromatography  has  become  a common 

been  carried  out  on  the  relationship  of  fatty  acid  profiles  within  several  groups  of  plant 
pathogenic  xanthomonads  (Chase  et  al„  1992;  Graham  el  al.,  1990;  Hodge  el  al„  1992; 
Vauterin  et  al.,  1991b.  1992;  Yang  et  al„  1993).  At  least  65  different  fatty  acids  were 
found  within  the  members  of  the  genus  Xanthomonas.  Three  fatty  acids,  1 1 :0  iso,  1 1 ;0 
iso  30H.  and  1 3:0  iso  OH,  are  characteristic  for  all  xanthomonads  and  they  were  useful 

1992;  Yang  etal.,  1993).  Furthermore,  the  spccicsY.  albilineans,  X. /ragariae,  and X. 

differentiated  from  each  other  (Hodge  etal.,  1992;  Vauterin  etal.,  1992;  Yang  etal., 


1 993).  Strains  of  X.  oryzae  have  unique  fatty  acid  composition  within  the  genus 


observed  on  other  cha 


-espond  to  the  pathovors  X. 
t al..  1992;  Yang  etal.,  1993). 


Hodge  et  al.,  1992;  Vaulcrin  et  al.,  1991b,  1992;  Yang  et  al.,  1993).  Extensive  studies 

included  bacteria  from  more  than  1 00  pathovais  of  X.  campeslris  (Hodge  et  al.,  1 992; 
Yang  et  al.,  1993).  The  mcmbets  of  the  X.  campeslris  have  been  divided  in  24  different 
groups  on  the  basis  of  fatty  acid  composition  (Yang  et  al.,  1 993).  Some  pathovars  of  X. 
campeslris.  such  as  X campeslris  pv.  maculifoliigardcniae,  X.  campeslris  pv. 
malvaccanun,  and  X.  campeslris  pv.  pelargonii.  were  homogeneous  and  had  a distinct 
fatty  acid  profiles  (Hodge  et  al.,  1992).  In  some  cases,  pathovars  pathogenic  for 
members  of  the  same  family  of  plants  could  be  grouped  together  based  on  fatty  acid 
composition.  This  is  the  case  for  the  pathovars  X.  campeslris  pv.  cerealis,  X. 
campeslris  pv.  hordci,  X.  campeslris  pv.  secalis,  X.  campeslris  pv.  transluccns,  and  X. 
campeslris  pv.  undulosa  which  cause  diseases  on  cereal  crops  (Vauterin  et  a!.,  1992; 
Yang  et  al.,  1 993),  and  also  for  the  pathovars  from  crucifers  X.  campeslris  pv.  aberrans, 
X.  campeslris  pv.  armoraciae,  X.  campeslris  pv.  barbareac,  X.  campeslris  pv. 
campeslris,  X.  campeslris  pv.  incanac,  and  X.  campeslris  pv,  raphani  (Yang  et  al., 

1993).  Many  pathovais  from  leguminous  plants,  such  as  X.  campeslris  pv.  alfalfae,  X. 
campeslris  pv.  glycines.  X.  campeslris  pv.  phascoli,  X.  campeslris  pv.  phaseoli 

campeslris  pv.  vignicola.  also  clustered  in  the  same  group  based  on  fatty  acid  analysis 
(Yang  cl  al,  1993).  This  grouping  delineated  on  the  basis  of  fatty  acid  composition 
agreed  with  the  relationships  established  based  on  DNA-DNA  hybridization  and 

1993). 

In  contrast  to  some  pathovars,  the  strains  of  A!  campeslris  causing  diseases  of 
citrus  are  composed  of  a heterogeneous  group  of  strains.  Besides  the  heterogeneity  in 


12 


the  fatty  acid  profile,  the  grouping  obtained  by  fatty  acid  analysis  docs  nol  agree 
entirely  with  the  grouping  obtained  by  using  other  methods,  such  as  by  genetic  analysis 
and  phenotypic  features.  Strains  of  X.  campestris  pv,  citri  that  cause  the  citrus  canker 
disease  can  be  clearly  differentiated  from  strains  of X.  campestris  pv.  citmmeio,  the 
citrus  bacterial  spot  pathogen  (Vauterin  ct  al.,  1991b;  Yang  et  al.,  1993).  However, 
there  are  some  discrepancies  between  the  delineation  of  the  citrus  canker  groups  by 
fatty  acid  profile  compared  to  genetic  analysis  and  protein  profile  (Vauterin  et  al., 

1 99 1 b).  Based  on  fatty  acid  analysis,  the  strains  of  citrus  canker  B were 
indistinguishable  from  strains  of  the  citrus  canker  A,  but  they  were  distinct  fiom  the 
strains  of  groups  C and  D of  citrus  canker  (Vauterin  ctal.,  1991b).  However,  the  citrus 
canker  A strains  are  considered  a homogeneous  and  distinct  group  from  the  strains  of 
citrus  canker  B,  C.  and  D based  on  DNA-DNA  hybridization,  RFLP  analysis,  and 
protein  profiles  (Egel  et  al„  1991;  Gabriel  etal-  1989;  Hartung  and  Civetolo,  1987; 
Vauterin  et  al.,  1991b).  Contrasting  results  on  fatty  acid  analysis  were  also  obtained 
for  the  citrus  bacterial  pathogen.  A',  campestris  pv.  citrumelo.  Vauterin  etal.  (1991b) 
found  that  strains  within  X.  campestris  pv.  citrumelo  constituted  a distinct  and 
homogeneous  group  based  on  fatty  acid  composition.  On  the  other  hand,  Graham  ct  al. 
(1990)  observed  considerable  diversity  among  the  X.  campestris  pv.  citrumelo  strains. 


the  basis  of  fatty  acid  composition. 


El-Sharkawy  and  Huisingh  (I971ab)  were  the  first  to  demonstrate  the 
usefulness  of  electrophoresis  of  proteins  for  differentiation  and  identification  of 
Xanthomorius.  The  patterns  of  native  negatively  charged  proteins  extracted  from  whole 
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bacterial  cells  varied  considerably  and  indicated  the  occurrence  of  taxon-specific 
protein  profiles  that  could  be  used  for  differentiation  and  identification  of  plant 
pathogenic  xanthomonads.  The  presence  of  distinct  and  specific  patterns  of  esterases  at 
the  pathovar  level  was  particularly  valuable  in  differentiating  and  identifying  the 
different  groups  of  plant  pathogenic  Xanlhomonas  spp.  (El-Sharkawy  and  Huisingh, 
1971a).  However,  a more  reliable  and  reproducible  techniques  were  required  to  resolve 
the  protein  profile  at  subspecific  level.  In  this  respect,  sodium  dodecyl  sulphate- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE)  of  total  cellular  proteins  has  become  a 
key  technique  for  the  separation  and  characterization  of  a wide  variety  of  proteins 
(Laemmli,  1970;  Weber  and  Osborn,  1960).  Furthermore,  this  technique  has  been 

protein  (Bouzar  et  al.,  1994;  Keisters  and  Dc  Ley,  1975;  Van  den  Mooter  et  al., 

I987ab;  Vauterin  c!  al„  1990a,  1991ab,  1992).  Variation  in  the  electrophoretic  patterns 

proteins,  has  also  been  investigated  by  using  SDS-PAGE  for  differentiation  of  some 
pathovars  of  X.  campestris  (Dos  Santos  and  Diancsc,  1985;  Minsavage  and  Schaad, 
1983;  Qhobcln  and  Claflin.  1992;  Qhobcla  et  al.,  1991). 

Vauterin  etal.  (1991a)  analyzed  whole-cell  proteins  of  an  extensive  collection 

pathovars  of  X.  campcslris,  by  using  SDS-PAGE  analysis.  On  the  basis  of  SDS-PAGE 
protein  profiles,  the  plant  pathogenic  species  X.  albilineans,  X.  axonopodis.  X. 
fragariae,  and  .V.  orysae  could  be  distinguished  from  each  other  and  also  from  X. 

established  corresponded  to  described  pathovars  of  this  species.  Certain  pathovars 


constituted  distinct  and  homogeneous  groups  based  on  protein  profiles,  such  as  X. 
campeslris  pv.  campestris.  X.  campeslris  pv,  graminis,  X.  campeslris  pv,  hyacinthi,  X. 
campeslris  pv.  pelargonii,  X.  campeslris  pv.  pruni,  and  X.  campeslris  pv.  theicola.  On 
the  other  hand,  tile  pathovars  X.  campeslris  pv.  alfalfae,  X,  campeslris  pv.  cajani,  X 
campeslris  pv.  glycines,  X campeslris  pv.  phascoli,  X.  campeslris  pv.  phaseoli 
"fuscans",  and  X.  campeslris  pv.  vignicoia  which  cause  diseases  on  leguminous  plants 
could  not  be  differentiated  from  one  another.  The  relatedness  of  this  group  of 
pathogens  oflcguminous  plants  has  also  been  confirmed  by  DNA-DNA  hybridization 
(Hildebrand  clal.,  1990;  Vauterinetal.,  1 990ab)  and  by  fatty  acid  composition  (Yang 
ctal.,  1993).  Moreover,  some  pathovars.  including  X.  campeslris  pv.  alfalfae.  X 
campestris  pv.  citri.A'.  campeslris  pv.  dicffenbachiac,  X campeslris  pv.  poinsettiicola, 
X.  campeslris  pv.  vesicatoria.  X.  campeslris  pv.  vignicoia.  and  X.  campeslris  pv. 
vitians.  were  heterogeneous  on  the  basis  of  protein  profiles,  consisting  of  two  or  more 
distinct  protein  groups  (Vauterinetal.,  1991b).  The  diversity  on  the  basis  of  protein 
profile  for  some  of  these  pathovars,  i.e.  X.  campeslris  pv.  citri,  X.  campestris  pv. 
dicffenbachiae.  andX  campeslris  pv.  vesicatoria.  correlates  with  the  heterogeneity 
based  on  genetic  analysis  and  fatty  acid  composition  (Chase  at  at.,  1992;  Egel  etal., 
1991;  Graham  el  al„  1990;  Stall  et  al.,  1994;  Vauterin  et  al.,  1991ab). 

The  complexity  of  the  grouping  of  strains  of  .T  campeslris  that  cause  diseases 
on  citrus  on  the  basis  of  whole-cell  protein  profiles  (Vauterin  et  al.,  199lab)  is  in 
agreement  with  the  diversity  determined  by  genetic  analysis  (Egel  et  al..  1 99 1 ; Gabriel 
et  al.  1 989;  Hartung  and  Civcroto,  1987)  and  fatty  acid  composition  (Graham  et  al., 
1990;  Vauterin  et  al.,  1991b).  Based  on  protein  profile,  the  strains  of  the  citrus  canker 

al.,  1 99 1 b).  The  uniformity  of  this  group  was  also  revealed  by  DNA-DNA 


a!.,  1994;' 


i been  confirmed  by  genetic 


The  diflFe 


depended  on  phenotypic  characteristics  (Bradbury,  1 984;  Holt  et  al.,  1 994;  Schaad, 

of  other  genera  on  the  basis  of  phenotypic  features  (Bradbury,  1984;  Holt  etal.,  1994; 
Schaad,  1 988),  it  has  been  almost  impossible  to  differentiate  within  the  Xanlhomonas 

(Bradbury,  1984;  Dye,  1962;  Holt  et  al„  1994;  Schaad,  1988;  Van  den  Mooter  and 
Swings.  1990).  In  feet,  this  was  the  major  reason  for  the  inclusion  of  the  majority  of 
the  former  species  of  Xanlhomonas  into  a single  species,  X.  campestris  (Bradbury, 
1984;  Dye  etal-  1980). 

characteristics  of  strains  representing  the  different  species  of  the  genus  Xanlhomonas, 
palhovars  of  X.  campestris,  and  other  bactcrin  genetically  related  to  the  xanthomonads 
(Dye,  1962;  Hildebrand  et  al„  1993;  Van  den  Mooter  and  Swings.  1990).  Van  den 
Mooter  and  Swings  (1990)  examined  295  morphological,  biochemical,  and 
physiological  features  of 266  strains  of  Xanlhomonas  spp.  and  related  bacteria.  The 
plant  pathogenic  xanthomonads  were  placed  in  seven  different  groups  by  cluster 
analysis.  The  groups  were  delineated  by  strains  of  the  laxa  X.  albilincans,  X 
axonopodis.X.  campestris,  X.  cam/iestris  pv.  gram  inis,  X.  fragariae.X.  oryzae,  and  A'. 
poputi,  which  largely  correlate  with  the  existing  species  of  the  genus  Xanlhomonas, 
Strains  of  A',  campestris  pv.  graminis  did  not  cluster  with  other  pathovara  of  .T 
campestris,  and  they  were  considered  a homogeneous  and  different  group  on  the  basis 


of  strains  fron 


The  analysis  of 257  phenotypic  characteristics  o 
grasses  revealed  three  distinct  groups  corresponding  to  (I)  X.  campestris  pv.  graminis. 
and  X campestris  pv.  phleipratensis,  (2)  X.  campestris  pv.  arrhenathcri,  and  (3)  X 

agreement  with  the  ones  established  on  the  basis  of  pathogenicity  features.  However, 
most  of  the  strains  of  pathovars  of  X.  campestris  have  heterogeneous  phenotypic 
characteristics  and  only  have  the  pathogenicity  to  the  same  host  plant  as  the  common 
feature  (Burkholder  and  Starr,  1948;  Dye,  1962;  Van  den  Mooter  and  Swings,  1990). 
This  can  be  illustrated  by  the  case  ofX  campestris  pv.  dieffenbachiae.  Chase  et  al. 
(1992)  analyzed  the  phenotypic  features  of  149  strains  ofX.  campestris  pv. 
dieffenbachiae  obtained  from  aroid  plants  and  found  large  variation  in  their  reactions. 

some  trends  were  observed,  physiological  tests,  such  as  hydrolysis  of  both  pectin  and 
starch,  and  growth  on  different  media,  failed  to  differentiate  the  strains  to  their  host  of 
origin.  The  strains  of  X.  campestris  pv.  dieffenbachiae  from  different  hosts  overlapped 
in  their  reactions  for  these  tests,  which  made  it  impossible  to  relate  the  phenotypic 

Commercially  available  systems  for  identification  of  bacteria  on  the  basis  of 
phenotypic  characteristics  have  also  been  examined  for  differentiation  of  plant 
pathogenic  xanthomonads  (Chase  elal.,  1992;  Jones  et  al„  1993a;  Vauterin  etal., 
1990b;  Vemiere  et  al.,  1993).  The  Biolog  GN  MicroPlate  System,  which  is  based  on 
differential  utilization  of  95  carbon  sources  with  consequent  changes  in  redox  potential 
of  the  bacterial  suspension  (Bochner,  1 989),  was  evaluated  for  accuracy  in  identifying 
some  plant  pathogenic  bacteria,  including  strains  of  Xanthamonas  (Jones  et  al„  1 993a). 
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was  investigated  by  using  the  Biolog  system  (Hartung  and  Civerolo,  1991 ; Vemiere  et 
al„  1993).  The  Biolog  metabolic  profile  was  useful  for  differentiating  strains  of  the 

campeslris  pv.  citri  could  be  differentiated  based  on  the  utilization  of  three  carbon 
sources  (Vemiere  et  al„  1993).  Although  the  correct  identification  of  the  X campeslris 
pv.  citri  strains  was  very  poor  by  using  the  original  data  base  of  the  system,  the 
identification  was  significantly  improved  when  the  database  was  supplemented  with 
additional  data  (Vemiere  el  al„  1 993).  The  citrus  bacterial  spot  pathogen  X.  campeslris 
pv.  citrumelo  was  more  variable  in  the  metabolic  profile  than  X campeslris  pv.  citri 
(Hartung  and  Civerolo,  1991).  All  the  profiles  examined  placed  the  strains  within  the 

dieflenbachiae  (Hartung  and  Civerolo,  1991).  The  rclalcdness  of  strains  otX. 

on  the  basis  of  DNA-DNA  hybridization  (Egcl  cl  al„  1991).  RFLP  analysis  (Gabriel  et 
al.,  1988.  1989),  and  fatty  acid  composition  (Graham  et  al„  1 990). 
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The  enzymatic  API  ZYM  galleries  (API  Systems  S.A..  La-Balmc-les-Grottes, 
Montolieu-Vcrcicu.  France),  has  also  been  tested  for  differentiation  and  identification 
ofplanl  pathogenic  xanthomonads  (Vauterin  etal.,  1990b).  The  enzymatic  profiles  of 
X.  campestris  pv.  begoniac  and  X.  campestris  pv.  pelaigonii  were  investigated  with  the 
API  ZYM  system.  The  profiles  were  highly  uniform  within  each  pathovar,  and  they 
could  be  differentiated  by  three  enzymatic  activities,  chymotrypsin.  a-D-galactosidase. 

discriminative  at  the  pathovar  level  when  larger  numbers  of  pathovars  were  included  in 
the  study  (Vauterin  et  al„  1993). 

Nucleic  Acids  Analysis 

the  xanthomonads.  DNA-rRNA  hybridization  has  been  of  major  importance  in 
differenuauon  of  the  xanthomonads  at  the  intragcneric  level  (De  Vos  and  Dc  Ley, 

1983;  Palloroni  ot  al„  1973),  whereas  DNA-DNA  hybridization  has  become  the  basis 

classification  schemes  at  the  subgeneric  level  (Holt  ct  al„  1994;  Krieg  and  Holt,  1984; 

reference  standard  to  determine  the  phylogeny,  and  consequently  the  taxonomy  of 
bacteria  (Wayne  ctal..  1987).  RFLP  analysis  of  genomic  DNA  has  been  useful  to 
distinguish  several  groups  of  xanthomonads,  to  study  genetic  diversity,  and  to  establish 

1988, 1989;  Gottwald  etal..  1991;  Graham  et  al„  1990;  Hartung  and  Civerolo,  1989, 
1991;  Lazo  and  Gabriel,  1987;  Lazo  ctal.,  1987;  Leach  etal..  1990, 1992;  Qhobelaand 
Claflin,  1992;  Qhobela  ct  al..  1991;  Verdier  et  al„  1993). 


I plasmid  DNA 


groups  of  xamhomonads  (Berthier  cl  al.,  1993;  Cooksey  and  Graham,  1989;  Hartung 
and  Civcrolo,  1987;  Provosl  et  al.,  1992).  In  the  same  way.  genomic  and  plasmid  DNA 

detection  of  plant  pathogenic  xamhomonads  (Garde  and  Bender,  1991;  Gilbertson  et 
al,,  1989;  Hartung,  1992;  Lazo  and  Gabriel.  1987;  Leach  et  al.,  1990, 1992). 

by  DNA-DNA  hybridization  has  revealed  a group  of  bacteria  with  diverse  genetic 
background,  with  DNA  homologies  between  pathovars  ofX.  campestris  ranging  from 
values  as  low  as  1 5%  to  39%  (Vauterin  et  al.,  1 990b).  These  results  strongly  reinforce 

Furthermore,  the  genetic  relationship  established  on  the  basis  of  DNA-DNA  homology 

host  plants.  The  genetic  relationship  of  strains  of  plant  pathogenic  xamhomonads 

DNA-DNA  hybridization  (Hildebrand  et  al.,  1990;  Palleroni  et  al.,  1993).  Several 
groups  of  xamhomonads  were  defined  on  the  basis  of  DNA-DNA  homology.  The 
largest  group  consisted  of  strains  belonging  to  25  pathovars  of  X.  campestris 
(Hildebrand  et  al.,  1990;  Palleroni  et  al.,  1993).  This  group  corresponds  to  DNA 
homology  group  VIII  established  by  Vauterin  et  al.  (1993),  which  also  includes  22 

group  of  A',  campestris  pv.  carotae,  X.  campestris  pv.  gardneri,  X.  campestris  pv. 
pelargonii,  and  X campestris  pv.  taraxaci  (Hildebrand  et  al.,  1 990;  Palleroni  et  al.. 
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1993).  Two  minor  clusters  were  also  established.  One  group  comprises  the  palhovars 
pv.  juglandis  (Palleroni  cl  al..  1993). 

campestris  which  cause  diseases  on  closely  related  leguminous  plants,  X.  campestris 
pv.  glycines.  X campestris  pv.  Icspedezae.  X.  campestris  pv.  phaseoli.  X.  campestris 
pv.  phaseoli  "fuscans",  and  X.  campestris  pv.  vignicola,  cluster  in  DNA  homology 
group  VIII  of  Vauterin  et  al.  (1 993);  X.  campestris  pv.  pisi  was  the  only  leguminous 
pathogen  not  included  in  this  group  (Hildebrand  et  al.,  1990;  Palleroni  et  al.,  1993; 
Vauterin  ct  al.,  1993).  However,  the  leguminous  pathogens  are  also  genetically  highly 
related  to  strains  of  several  palhovars  of  X.  campestris  that  cause  diseases  on  different 
plants  (Hildebrand  ct  al.,  1990;  Palleroni  et  al.,  1993;  Vauterin  et  al„  1993).  The 
strains  of  Al  campestris  pv.  arrhenatlteri,  X.  campestris  pv.  cerealis,  X.  campestris  pv. 

transluccns.  that  cause  diseases  on  gramineous  hosts  cluster  together  in  the  DNA 
homology  group  IX  of  Vauterin  et  al.  (1993).  This  grouping  also  correlates  strongly 
with  groupings  based  on  SDS-PAGE  and  fatty  acid  analysis  (Vauterin  et  al.,  1992). 

The  DNA  homology  group  XII  contains  the  six  palhovars  from  crucifers,  X.  campestris 
pv.  aberrans,  X.  campestris  pv.  armoraciac,  X.  campestris  pv.  barbareae,  X campestris 
pv.  campestris,  X.  campestris  pv.  incanac,  and  X.  campestris  pv.  raphani  (Vauterin  et 


al.,  1993). 
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The  most  striking  feature  of  the  plant  pathogenic  xanthomonads  is  the  genetic 
diversity  among  strains  of  the  same  pathovar  or  different  pathovars  of  X campestris 
that  cause  diseases  on  highly  related  hosts.  The  diversity  strongij  illustrates  the 
divergence  between  pathogenicity  characteristics  and  genetic  backgrounds.  The 
pathovars  AT  campestris  pv.  gardneri,  X.  campestris  pv.  physalidicola,  and  X. 
campestris  pv.  vesicatoria.  which  cause  diseases  on  solanaceous  plants,  are  genetically 
diverse  on  the  basis  of  DNA-DNA  homology  (Hildebrand  et  al.,  1990;  Palleroni  et  al„ 
1993;  Stall  et  al.,  1994;  Vaulerin  el  al„  1993).  X.  campestris  pv.  vesicatoria  is 
composed  of  the  two  genetically  unrelated  groups  A and  B (Stall  et  al.,  1994).  AT 
campestris  pv.  vesicatoria  group  A belongs  to  homology  group  VIII  of  Vauterin  et  al. 
(1993),  as  well  as  AT.  campestris  pv.  physalidicola.  Further,  X.  campestris  pv. 
vesicatoria  group  A and  X.  campestris  pv.  physalidicola  are  also  genetically  closely 
related  to  several  other  pathovars  of X campestris  that  cause  diseases  on  different 
plants  (Hildebrand  et  al.,  1990;  Palleroni  et  al.,  1993;  Vauterin  et  al.,  1993).  Strains  of 
X.  campestris  pv.  vesicatoria  group  A are  only  about  33%  related  to  strains  of  AT. 
campestris  pv.  vesicatoria  group  B.  on  the  basis  of  DNA-DNA  homology  (Stall  et  al., 
1994).  Strains  of  AT  campestris  pv.  vesicatoria  group  B for  instance  is  distinct  from 
other  xanthomonads  and  they  are  the  only  members  of  the  DNA  homology  group  XVI 
(Vauterin  et  al.,  1993).  The  grouping  of  AT  campestris  pv.  vesicatoria  are  also  well 
supported  by  fatty  acid  analysis,  serology,  and  phenotypic  features  (Stall  et  al.,  1994). 
AT  campestris  pv.  gardneri  is  also  not  related  genetically  to  the  other  solanaceous 
pathogens.  Instead,  AT  campestris  pv.  gardneri  constitutes  a group  which  contains  the 
pathovars  AT  campestris  pv.  carotae,  AT  campestris  pv.  pelargonii,  and  AT  campestris  pv. 


i (Hildebrand  el  al.,  1990;  Palleroni  et  al„  1993). 
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diverse  group  of  bacteria.  Strains  of  the  citrus  pathogens  X.  campestris  pv.  citri  and  X. 
campesiris  pv.  citrumelo  which  belong  to  the  DNA  homology  group  VIII  of  Vauterin 
et  al.  (1993)  are  only  about  60%  similar  to  one  another  based  on  DNA-DNA  homology 
(Hgel  et  al..  1991 ; Vauterin  el  al..  1991b).  X.  campesiris  pv.  citri  canker  A strains  are, 
however,  highly  related  to  other  pathovars  of  A',  campesiris.  The  canker  A strains  of 
this  bacterium  arc  related  at  over  90%  by  DNA-DNA  homology  to  X.  campesiris  pv. 
glycines  and  X.  campesiris  pv.  malvacearum  (Egel  et  al.,  1991 ; Vauterin  et  al.,  1993). 

campesiris  pv.  alfalfae  and  X.  campesiris  pv.  Bci  (Egel  et  al.,  1991 ; Vauterin  et  al., 

corroborating  data  obtained  from  DNA-DNA  homology  studies  and  analyses  of  fatty 
acid  composition  (Graham  et  al..  1990;  Vauterin  et  al.,  1991b),  SDS-PAGE  of  proteins 
(Vauterin  et  al.,  1991b),  and  RFLP  of  genomic  DNA  (Gabriel  et  al„  1988, 1989; 
Graham  et  al..  1990;  Vauterin  etal..  1991b). 

genetic  diversity  of  the  plant  pathogenic  xanthonronads  for  identification  and 
comparison  purposes.  Genomic  fingerprintings  produced  by  using  frequent-cutting 

xanthomonads  that  cause  diseases  on  citrus  (Hartung  and  Civerolo,  1987;  Provost  et  al., 
1992).  The  citrus  canker  A and  B groups  of  X.  campesiris  pv.  citri  each  produced  very 
conserved  genomic  fingerprintings  which  distinguished  strains  of  both  groups  (Hartung 
and  Civerolo.  1987).  Although  strains  of  the  citrus  bacterial  spot  pathogen  X. 
campesiris  pv.  citrumelo  could  be  distinguished  from  both  canker  groups  ofX 
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1987)  was  found-  The  genetic  diversity  of  A-,  campeslris  pv.  citrumelo  was  also 
determined  by  analysis  of  restriction  patterns  derived  from  pulsed-Held  gel 
electrophoresis  of  genomic  DNA  fragments  generated  by  rare-cutting  endonucleases 
(Egcl  ct  al.,  1991).  In  contrast  to  the  diversity  of  the  strains  of  X.  campeslrls  pv. 
citrumelo.  strains  of  X.  campeslris  pv.  citri  canker  A and  B produced  characteristic 
restriction  patterns  by  pulsed-field  gel  electrophoresis  (Egcl  et  al.,  1991). 

Attempts  have  also  been  made  to  differentiate  X.  campeslris  pathovars  by  RFLP 
analysis  of  plasmid  and  genomic  DNAs  based  on  hybridization  with  different  DNA 
probes.  In  most  of  the  cases,  random  cloned  fragments  of  the  bacterial  genome  were 
used  as  DNA  probes  in  RFLP  analysis  of  the  xanthomonads.  Specific  regions  of  the 
genome  have  been  selected  for  DNA  probes,  such  as  rRNA  sequences  (Berthier  et  al., 
1993;  DcParasis  and  Roth.  1990),  repetitive  DNA  sequences  (Leach  et  al.,  1990, 1992), 
copper  resistance  genes  (Garde  and  Bender,  1991),  and  plasmid  DNA  sequences 
(Hartung,  1992;  Gilbertson  et  al.,  1989;  Lazo  and  Gabriel,  1987).  Lazo  et  al.  (1987) 
used  a cloned  DNA  fragment  derived  from  X.  campeslris  pv.  citrumelo  for  RFLP 
analysis  to  differentiate  pathovars  o(X.  campeslris.  The  RFLP  analysis  involving 
strains  representing  26  pathovars  of  X.  campeslris  revealed  profiles  highly  conserved 
and  characteristic  for  each  palhovar  tested.  By  using  more  than  one  DNA  probe,  or  by 
digesting  the  genomic  DNA  with  different  restriction  endonucleases,  it  was  possible  to 
differentiate  all  the  pathovars  of  X campeslris  included  in  the  study  (Lazo  et  nl„  1 987). 
An  rRNA  probe  was  also  used  to  distinguish  pathovars  of  X.  campeslris  (Berthier  cl  al., 
1993).  Further,  the  RFLP  patterns  established  for  the  pathovars  X campeslris  pv. 


n.  and  X 


al.,  1993). 

such  as  X campestris  pv.  cilri  and  A'  campestris  pv.  citrumeio  (Gabriel  ct  a).,  1988, 
1989; Gottwald cl al..  1991;Graharaelal..  !990;Hanung.  1992;  Hanung  and 
Civerolo,  1989. 1991;  Lazo  and  Gabriel,  1987;  Lazo  el  al..  1987),  A-,  campestris  pv. 
manihotis  (Verdier  el  al.,  1993),  A.  campestris  pv.  vasculotum  (Qhobela  and  Claflin, 
1992),  A campestris  pv.  pcnnamericanum  (Qhobela  and  Claflin,  1 988),  and  A.  oryzae 
pv.  oryzae  (Leach  el  al.,  1 990. 1 992).  The  most  comprehensive  RFLP  analyses  were 

citrus  (Gabriel  el  al.,  1988,  l989;Gotlwaldclal.,  1991;  Graham  el  al.,  1990;  Harlung. 
1992;  Hanung  and  Civerolo.  1989, 1991;  Lazo  and  Gabriel,  1987;  Lazo  el  al.,  1987). 
The  RFLP  analyses  characterized  die  strains  of  the  citrus  bacterial  spot  pathogen.  A 
campestris  pv.  citrumelo.  as  distinct  from  all  forms  of  the  citrus  canker  pathogen 

characteristic  restriction  patterns  of  the  A campestris  pv.  cilri  canker  groups  A and  B, 

(Gabriel  cl  al..  1988, 1989;  Graham  eta!.,  1990;  Hanung  and  Civerolo,  1989, 1991). 
The  RFLP  analyses  funher  supponed  that  strains  of  the  citrus  bacterial  spot  pathogen 
are  not  genetically  closely  related  to  any  recognized  group  of  A campestris  pv.  cilri 
(Hanung  and  Civerolo,  1987. 1989;  Gabriel  ct  al.,  1988, 1989).  Instead,  the  analysis 
has  revealed  a signi  Team  genet  cl  on  1 p between  strains  of  A campestris  pv. 

campestris  pv.  fici  (Gabriel  et  al.,  1988, 1989;  Graham  ct  al.,  1990).  The  relatedness  of 
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was  further  supported  on  Ihe  basis  of  DNA  homology  and  phenotypic  characteristics 
(Egclctal.,  1991;Grahametal„  1990). 

detection  of  plant  pathogenic  xanthomonads  (Garde  and  Bender,  1991 ; Gilbertson  et 
al..  1989;  Hartung.  1992;  Hartung  et  al.,  1993).  Garde  and  Bender  (1991)  developed 
DNA  probes  for  detection  of  copper  resistance  in  X.  campeslris  pv.  vesicatoria. 
Although  the  DNA  probes  seem  specific  to  the  genes  conferring  resistance  to  copper  in 
X campeslris  pv.  vesicatoria  and  apparently  did  not  hybridize  to  DNA  of  copper 
resistant  syringae  pv.  tomato  (Garde  and  Bender.  1991).  the  cop  operon  of  P 
syringae  pv.  tomato  not  only  hybridized  to  copper  sensitive  bacteria  (Cooksey  et  al, 
1990).  but  also  to  strains  of.V.  campeslris  pv.  vesicatoria  (Voloudakis  et  al,  1993).  In 
another  study.  Gilbertson  et  al.  (1989)  used  DNA  probes  obtained  from  a cryptic 
plasmid  for  specific  detection  of  the  bean  pathogens  X.  campeslris  pv.  phaseoli  and  X. 
campeslris  pv.  phaseoli  "fiiscans".  Although  the  DNA  probes  did  not  hybridize  to 
nonpathogcr  c canthomonads  isolated  from  bean  plants,  they  did  hybridize  to  total 
genomic  DNA  of  bacterial  strains  of  other  palhovars  ofX.  campeslris  (Gilbertson  ct  al, 
1989).  However,  strains  of  these  other  palhovars  ofX.  campeslris  were  thought 
unlikely  to  be  associated  with  bean  plants.  Plasmid  based  DNA  probes  have  also  been 
used  for  detection  of  the  citrus  canker  pathogen,  X.  campeslris  pv.  citri  (Hartung, 

1992).  The  DNA  probes  were  developed  for  specific  detection  of  the  citrus  canker 
pathogen,  X.  campeslris  pv.  citri  which  include  four  different  groups.  The  DNA  probes 
were  highly  specific  for  Ihe  citrus  canker  pathogens  and  did  not  hybridize  to  strains  of 
the  citrus  bacterial  spot  pathogen.  X.  campeslris  pv.  cilrumclo.  However,  cross- 
hybridization was  observed  in  strains  of  A'  campeslris  pv.  bilvae  and  X.  campeslris  pv. 
vignicola  (Hartung,  1992).  Furthermore,  a DNA  amplification-based  procedure  was 
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the  DNA  sequence  of  these  plasmid  probes  (Hartung  el  al.,  1993). 


CHAPTER  3 

OLIGONUCLEOTIDE  PRIMERS  FOR  DETECTION  AND 
IDENTIFICATION  OF  PLANT  PATHOGENIC  STRAINS  OF 
Xanthomonas  BY  AMPLIFICATION  OF  DNA  SEQUENCES 
RELATED  TO  THE  hrp  GENES  OF  Xanthomonas  campeslris  PV. 
VESICATORIA 

The  genus  Xanthomonas  Dowson  1939  includes  Gram-negative,  usually 
yellow-pigmented  bacteria  that  occur  worldwide  and  cause  plant  diseases.  Over  124 
monocotyledonous  and  268  dicotyledonous  plant  species  arc  hosts  of  Xanthomonas 
(Leyns  ct  al„  1984).  Among  the  species  of  Xanthomonas,  X.  campeslris  comprises  at 

(Bradbury,  1 984).  The  genus  Xanthomonas  also  includes  strains  which  may  be 

were  isolated  (Angeles-Ramos  etal.,  1991;  Gitaitis  et  a!.,  1987;  Liao  and  Wells,  1987; 
Maas  et  al„  1985).  These  opportunistic  bacteria  can  be  identified  as  xanthomonads  by 
the  presence  of  xanthomonadins  and  by  unique  fatty  acid  profiles.  Although  the 
identification  of  bacteria  in  the  genus  Xanthomonas  presents  no  great  problem,  sub- 
genenc  identification  ol  xanthomonads  is  still  difficult. 

Traditional  methods  for  the  detection  and  identification  of  plant  pathogenic 
xanthomonads  rely  on  isolating  the  organism  of  interest  in  pure  culture  and  performing 

increase  the  sensitivity  of  the  isolation,  which  may  be  complicated  by  the  presence  of 
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J„  1989). 


More  recently,  methods  based  on  metabolic  and  protein  profiling  (Chase  et  al.,  1992; 
Van  den  Mooter  and  Swings,  1990;  Vauterin  et  al..  1991ab),  and  Tatty  acid  analysis 
(Chase  et  al„  1992;  Yang  ct  al„  1 993)  have  been  used  for  identification,  but  isolation 

identification,  but  they  have  provided  variable  results.  Polyclonal  antisera  may  ctoss- 

o(X.  campeslris  (Alvarez  and  Lou.  I9S2).  Several  monoclonal  antisera  were  produced 
which  reacted  specifically  with  all  strains  of  some  pathovars  ofX  campeslris  that 
infect  relatively  few  genera  of  hosts  (Alvarez  et  al-  1991;  Benedict  et  al..  1990). 

strains  of  the  respective  pathovar  have  been  found  (Alvarez  ct  al.,  1 99 1 ; Jones  et  al„ 
1993b). 

Nucleic  acid-based  techniques  have  also  been  applied  for  detection  and 
identification  of  plant  pathogenic  bacteria  (Bereswill  et  al„  1992;  Manulis  ct  al.,  1991; 
Schaad  et  al..  1989;  Seal  cl  al.,  1992),  including  some  members  of  the  xanthomonads 
(Garde  and  Bender,  1991;  Gilbertson  et  al„  1989;  Hartung,  1992;  Hartung  cl  al„  1993; 
Lazo  and  Gabriel,  1987;  Lazo  et  al„  1987).  The  techniques  developed  for  detection 
and  identification  of  xanthomonads  were  based  on  random  probes  (Lazo  ct  al.,  1987), 
or  on  plasmid  DNA  fragments  specific  for  a few  pathovars  of  X.  campeslris  (Gilbertson 
etal.,  1989;  Hartung,  1992;  Hartung  et  ol.,  1993;  Lazo  and  Gabriel,  1987),  or  even  for  a 
group  of  strains  (Garde  and  Bender.  1991).  Highly  conserved  regions  in  the  bacterial 


eful  for  the 
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DNA  probes  for  detection  and  identification  of  a larger  number  of  strains,  pathovars.  or 

The  hrp  gene  clusters  that  determine  hypersensitivity  and  pathogenicity  may  be 
appropriate  for  selection  of  probes  for  detection  and  identification  of  plant  pathogenic 
bacteria.  The  hrp  gene  cluster  is  requited  by  bacterial  plant  pathogens  to  produce 
symptoms  on  susceptible  hosts  and  a hypetsensitive  reaction  (HR)  on  resistant  hosts,  or 
on  nonhosts  (Willis  et  al„  1991),  and  has  been  found  in  several  plant  pathogenic 
bacteria,  such  as  Erwinia  amylovora  (Beer  et  al..  1991),  Pseudomonas  solanacearum 
(Boucher  et  al„  1987),  P.  syringae  pv.  phaseolicola  (Lindgrcn  et  al.,  1986),  and  X. 
campestris  pv.  vesicatoria  (Bonas  et  al,,  1991).  Furthermore,  hrp  functions  seem  to  be 
highly  conserved  among  a number  of  plant  pathogenic  bacteria  (Ulla  Bonas,  persona] 
communication;  Fensclau  et  al„  1992;  Gough  ctal.,  1992;  Hwang  el  al.,  1992).  The 

mammals  (Fenselau  et  al.,  1992;  Gough  el  al.,  1992).  By  contrast,  nonpathogenic 
bacteria  are  unable  to  produce  symptoms  on  susceptible  hosts  and  HR  on  nonhosts, 
apparently  because  they  do  not  possess  DNA  sequences  similar  to  hrp  genes  (Lindgren 
et  al.,  1986;  Stall  and  Minsavage,  1990).  Physically  and  fimctionally  similar  hrp 

xanthomonads  (Bonas  clal„  1991;  Stoll  and  Minsavage,  1990). 

The  objective  of  this  study  was  to  examine  sequences  of  the  hrp  genes  of  A' 

xanthomonads.  Oligonucleotide  primers  specific  for  hrp  genes  were  tested  for  their 


athomonads  by  the  polymerase  chain 
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(PCR).  Furthermore.  the  reliability  of  identification  of  the  xanthomonads  to  subgeneric 
classification  was  assessed  by  restriction  analysis  of  amplified  DNA  fragments. 


Materials  i 


I Methods 


All  plants  were  maintained  in  a growth  chamber  at  28-30%'  during  inoculation 
and  incubation.  The  pepper  cultivar  Early  Calwondcr  (EC  W)  and  the  near-isogenic 
lines  ECW-I  OR,  ECW-20R.  and  ECW-30R  have  been  described  elsewhere  (Minsavage 
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et  al„  1990).  These  lines  provided  a susceptible  reaction  or  a hypersensitive  reaction, 
depending  on  the  strain  used. 

Fully  expanded  leaves  of  plants  were  inoculated  with  bacterial  suspensions  by 
infiltrating  the  bacteria  into  the  intercellular  spaces  with  a 1 ml  plastic  syringe  with  a 
27  gauge  needle.  The  concentration  of  the  inoculum  was  approximately  5X10* 
colony  forming  units  (CFU)  per  milliliter  in  sterile  tap  water,  determined  by  measuring 
the  optical  density  in  a Spectronic  20  spectrophotometer  (Bausch  and  I.omb,  Inc., 
Rochester,  NY).  Plant  reactions  were  scored  over  a period  of  several  days. 

DNA  manipulations 

Total  genomic  DNA  was  isolated  by  phenol  extraction  and  ethanol  precipitation 
essentially  as  described  by  Ausubcl  etal.  (1987).  Plasmid  mini-prep,  preparation  of 
competent  cells,  ligation,  and  transformation  of  £,  coli  cells  were  performed  by 
standard  procedures  (Ausubel  et  al.,  1987;  Sambrook  et  ah,  1989).  For 
complementation  analysis,  the  helper  plasmid  pRK20!3  was  used  in  triparental  mating 
to  mobilize  pLAFR3  clones  from  £ coli  into  Xanlhomonas  cells  (Ditta  et  al.,  1980: 
Figurski  and  Helinski,  1979). 

Hybridization  analysis 

Total  genomic  DNA  and  amplified  DNA  fragments  were  electrophorcsed  in 
0.7%  agarose  according  to  standard  procedures  (Sambrook  et  al.,  1 989),  The  DNA  was 
then  denatured  in  0.4  N NaOH  and  0.6  M NaCI  for  30  min,  neutralized  for  30  min  in 
0.S  M TriS'Cl  and  1 .5  M NaCI,  pH  7.S,  and  transferred  by  the  procedure  of  Southern 
(I97S)  to  nylon  membrane  (Schleicher  & Schuell,  Keene,  NH).  Southern  hybridization 
and  detection  of  the  hybridized  DNA  was  carried  out  by  using  the  Genius 
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Nonradioactive  DNA  labeling  and  Detection  kit  (Boehringer  Mannheim.  Indianapolis. 
IN)  as  specified  by  the  manufacturer.  Clones  containing  the  desired  insert  of  the  Arp 

as  probes,  were  labeled  by  the  random  primer  (Fcinberg  and  Vogclstein,  1983) 
incorporation  of  digoxigcnin-labelcd  deoxyuridinc-triphosphate  (DIG-UTP).  Before 
use.  the  probes  were  denatured  by  boiling  for  10  min  followed  by  chilling  in  an  ice 
ethanol  slurry.  Hybridization  was  carried  out  at  68°C  with  0.5X  SSC  and  0.1% 

IX  SSC  containing  0.1%  (wt/vol)  SDS.  Two  final  washes  were  completed  at  65  °C  for 
15  min  in  0.5X  SSC  containing  0.1%  (wt/vol)  SDS. 

Three  sets  of  oligonucleotide  primers  were  selected  from  the  nucleotide 
sequence  of  the  hrp  region  of  X.  campestris  pv.  vcsicatoria  (Ulla  Bonas,  personal 
communication).  Primers  RST2  (5'AGGCCCTGGAAGGTGCCCTGGA3')  and  RST3 
(5'ATCGCACTGCGTACCGCGCGCGA3')  delineated  a 840-bp  fragment,  RST9 
(5’GGCACTATGCAATGACTG3')  and  RST10  (S'AATACGCTGGAACTGCTG3') 
delineated  a 355-bp  fiagment.  and  RST21 
(5,GCACGCTCCAGATCAGCATCGAGG3')  and  RST22 
(5'GGCATCTGCATGCGTGCTCTCCGA3')  delineated  a 1,075-bp  fragment.  The 
primers  map  to  the  complementation  groups  hrpB,  hrpC,  and  hrpD  of  X.  campestris  pv, 
vesicatoria  (Fig.  3-1).  Furthermore,  the  sequences  of  the  oligonucleotide  primers  RST3 
and  RST9  originate  from  the  hrpB6,  a gene  for  a putative  ATPase  that  seems  to  be 

1992).  Oligonucleotide  primers  were  synthesized  with  a model  394  DNA  Synthesizer 


37 


38 

(Applied  Biosystems.  Foster  City.  CA)  by  the  DNA  Synthesis  Laboratory,  University 
of  Florida,  Gainesville, 

DNA  was  amplitied  in  a total  volume  of  50  pi.  The  reaction  mixture  contained 
5 pi  of  I0X  buffer  (500  mM  KC1, 100  mM  Tris-Cl  [pH  9.0  at  25°C],  1%  Triton  X- 
1 00),  1.5  mM  MgCl2. 200  pM  of  each  deoxynucleotide  triphosphate  (Boehringer 
Mannheim),  25  pmol  of  each  primer,  and  1.25  units  aSTaq  polymerase  (Promega, 
Madison,  Wl).  The  amount  of  template  DNA  added  was  100  ng  of  purified  total 
bacterial  DNA  or  25  ng  of  a plasmid  preparation,  unless  otherwise  stated.  The  reaction 
mixture  was  covered  with  50  pi  of  light  mineral  oil.  A total  of  30  amplification  cycles 
were  performed  in  an  automalcd  thermocycler  PT-100-60  (MJ  Research,  Watertown, 
MA).  Each  cycle  consisted  of  30  s of  denaturation  at  95°C,  30  s of  annealing  at  62°C, 
and  45  s of  extension  at  72°C  for  the  primers  RST2  and  RST3;  30  s at  9S°C,  30  s at 
52°C  and  45  s at  72DC  for  the  primers  RST9  and  RST10;  and  30  sat  95°C,  40  s at  61°C 
and  45  s at  72°C,  for  the  primers  RST21  and  RST22.  The  last  extension  step  was 
extended  to  5 min.  Amplified  DNAs  were  detected  by  electrophoresis  in  0.9%  agarose 
gels  in  TAE  buffer  (40  mM  Trisacetate,  I mM  EDTA,  pH  8.2)  at  5 V/cm  of  gel 
(Sambrook  et  al.,  1989),  The  gel  was  stained  with  0.5  pgofethidium  bromide  per  ml 
and  then  photographed  over  a UV  transilluminator  (Folodync  Inc.,  New  Berlin,  WI) 
with  type  55  Polaroid  film  (Polaroid,  Cambridge,  MA). 


conditions  specified  by  the  manufacturer  (Promega).  The  restricted  fragments  were 
separated  by  electrophoresis  in  4% 


i agarose  gels  (3%  NuSieve  and  1%  Seakcm  GTG 


[FMC  BioProdu 


ucts.  Rockland,  ME])  in  TAE  buffer  at  8 V/cm.  Phage  X Pstl  restricted 
DNA  fragments  were  used  as  molecular  standards.  The  gel  was  stained  with  0.5  pg  of 
cthidium  bromide  per  ml  for  40  min  and  then  destained  in  1 mM  MgS04  for  1 hr  and 
photographed  over  a UV  transillummator  with  type  55  Polaroid  film. 


fragments  from  genomic  DNA  of  strain  75-3  of  X.  campestris  pv.  vesicaloria  and  from 
plasmids  that  contain  cloned  pans  of  the  hrp  region  from  strain  75-3.  Plasmid  pXV9 
harbors  a fragment  of  approximately  27  kb  of  strain  75-3  of  X.  campestris  pv. 
vesicaloria  containing  almost  tile  entire  hrp  region  (Bonas  etal.,  1991).  Plasmid 
pXV5.5  harbors  a 5.5  kb  EcoRI  fragment  containing  pan  of  the  hrp  complementation 
groups  hrpA  and  hrpB  (Fig.  3-1).  The  5.1  kb  EcoRI  insert  of  plasmid  pXV5.1  maps  to 
the  complementation  groups  hrpC  and  hrpD  (Fig.  3-1).  We  amplified  fragments  of  the 
expected  355, 840,  and  1 ,075  bp  in  length  from  total  genomic  DNA  of  strain  75-3  of  X. 
campestris  pv.  vesicaloria  by  using  primers  RST9  and  RST10,  RST2  and  RST3,  and 
RST21  and  RST22,  respectively  (Fig.  3-2).  The  355-  and  840-bp  fragments  were  also 
amplified  from  plasmids  pXV9  and  pXV5.5  (Fig.  3-2),  whereas  the  1,075-bp  fragment 
was  amplified  from  plasmids  pXV9  and  pXV5.1  (Fig.  3-2).  thus  confirming  the  sizes 
and  locations  of  fragments  predicted  by  the  DNA  sequence  analysis  (Ulla  Bonas, 

hrpB  operon,  whereas  the  1075  bp  fragment  occurs  in  the  hrpCIhrpD  region  (Fig.  3-1). 
Except  for  hrpB6,  which  encoded  a putative  ATPase  (Fenselau  et  al.,  1 992),  the 
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Fig.  3-2.  Amplification  of  fragments  of  the  hrp  gene  cluster  from  Xanlhomonas 
campestris  pv.  vesicatoria  75-3.  The  following  DNAs  were  used:  75-3  (lanes  1 , 5.  and 
9),  plasmid  pX  V9  (lanes  2, 6,  and  1 0).  plasmid  pXV5.5  (lanes  3. 7.  and  1 1 ).  and 
plasmid  pXVS.l  (lanes  4, 8.  and  12).  Lancs:  M,  phage  >-  restricted  with  XcoRl  and 
HindlU;  1 to  4,  amplification  with  primers  RST9  and  RSTIO;  5 to  8.  amplification  with 
primers  RST2  and  RST3;  9 to  12.  amplificafion  with  primers  RST21  and  RST22. 


functions  of  these  genes  are  unknown.  The  hrpDI  gene  is  highly  similar  to  a sequence 
of  pathogenicity  genes  in*  campeslris  pv.  glycines  (Ulla  Bonus,  personal 
communication;  Hwang  et  al„  1992). 

The  identity  of  the  amplified  fragments  was  further  confirmed  by  restriction 
enzyme  analysis.  The  355-,  840-.  and  1 ,075-bp  fragments  amplified  from  both  total 
DNA  of  strain  75-3  of*,  campeslris  pv.  vcsicatoria  and  from  DNA  ofpXV9,  pXVS.I, 
and  pXV5.5  were  digested  with  C/ol,  Hoelll,  Soi/3AI.  and  Tog!.  The  banding  patterns 
were  identical  for  each  of  the  three  sets  of  fragments  amplified  from  strain  75-3  and 
plasmids  containing  cloned  parts  of  the  hrp  region  (Fig,  3-3)  and  matched  the 
restriction  map  generated  from  the  DNA  sequence  of  the  hrp  gene  cluster  of* 
campeslris  pv.  vesicatoria  75-3  (Ulla  Bonas.  personal  communication). 


other  hadcrin 

Total  genomic  DNA  of  strains  of  different  palhovars  of*  campeslris  and  of 
Xanlhomonas  spp.  was  digested  with  EcoRl.  separated  in  agarose  gels,  blotted,  and 

vcsicatoria  strain  75-3.  The  hybridization  signals  in  the  genomic  DNA  of* 
campeslris  pv.  vesicatoria  75-3  corresponded  to  the  predicted  7.4  kb  fiomHI  and  5.5  kb 
EcoRJ  fragments  (355- and  840-bp  probes),  and  to  the  6.0  kb  BomHI  and  5.1  kb  EcoRl 
fragments  (1 ,075-bp  probe)  (Fig.  3-4).  Homology  to  these  three  hrp  fragments  of  * 
campeslris  pv.  vesicatoria  strain  75-3  was  detected  in  strains  of  X.  fragariae  and  of  28 

were  observed  in  the  DNA  from  these  different  pathovars  (Fig.  3-4).  Total  genomic 
DNA  of*  albilineans,  X.  campeslris  pv.  secalis,  and  * campeslris  pv.  transluccns. 


which  are  pathogens  of  monocotvlcdonous  plants,  as  well  as  DNA  of  the  non  plant 
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amplified  from  total  genomic  DNA  from  Xanthomonas  campeslris  pv.  vcsicaloria  75-3 
and  from  plasmids  containing  the  hrp  region.  Lanes:  M.  phage  X restricted  with  Psll;  I 
to  3.  the  355-bp  fragments  from  X.  campeslris  pv.  vesicatoria  75-3  and  plasmids  pXV9 
and  pXV5.5,  respectively;  lanes  4 to  6.  the  840-bp  fragments  from  X.  campeslris  pv. 
vesicatoria  75-3  and  plasmids  pXV9  and  pXV5.5,  respectively;  lanes  7 to  9,  the  1 .075- 
bp  fragments  from X.  campeslris  pv.  vesicatoria  75-3  and  plasmids  pXV9  and  pXVS.I. 
respectively.  Molecular  sizes  arc  given  in  base  pairs. 


Table  3-1 . Hybridization  of  the  Arp  fragments  amplified  from  Xanlhomonas  campesiris 
pv.  vcsicatoria  75-3  to  total  genomic  DNA  and  amplification  of  Arp-related  fragments 


pathogens  X maliophili 
did  not  hybridize  to  any 


ains  of X.  campestris  T-55  and  INA, 


lia  and  the  opportunistic  sh 

y of  the  three  hrp  fragments  amplified  from  X.  campestris  pv. 
vcsicatoria  75-3  (Fig.  3-4;  Table  3-1). 

DNA  from  strains  of  the  plant  pathogens  of  the  genera  Acidavorax, 
Agrobacterium,  Clavibacler.  Erwinia,  Pseudomonas,  and  Xylella  failed  to  hybridize  to 
the  three  hrp  fragments  (Table  3- 1 ).  Furthermore,  total  genomic  DNA  of  E.  herbicoia, 
a bacterium  commonly  associated  with  plant  tissue,  also  did  not  hybridize  to  any  of  the 
hrp  ftagments  amplified  from  X campestris  pv.  vcsicatoria  75-3  under  the  conditions 
used  (Table  3-3). 


Primer  pairs  RST2  plus  RST3  and  RST21  plus  RST22  were  used  to  amplify 
DNA  sequences  from  strains  representing  X frugariae  and  28  different  pathovars  of X 


amplified  from  different  pathovars  ofX.  campestris  and  related  Xanthomonas  spp.  (Fig. 
3-5;  Table  3-1).  However,  amplification  with  the  primers  RST2  and  RST3  usually 
gave  low  yield  of  DNA  for  strains  of  X campestris  pv.  carolae,  X.  campestris  pv. 
gardneri,  X campestris  pv,  papavericoln,  X campestris  pv.  pclargonii.  and  X 
campestris  pv.  laraxaci  (Fig.  3-5;  Table  3-1 ).  Although  DNA  isolated  from  X 
campestris  pv.  holcicola  hybridized  to  the  840  bp  hrp  fragment  from  X campestris  pv. 
vesicatoria  strain  75-3  (Fig.  3-4),  primers  RST2  and  RST3  did  not  amplify  the  DNA 

genomic  DNA  from  a number  of  bacteria,  including  plant  pathogenic  strains  of  the 
xanthomonads  X.  albilineans,  X.  campestris  pv.  secalis,  and  X campestris  pv. 
translucens.  and  of  the  genera  Acidavorax,  Agrobacterium 


n,  Clavib 
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Fig.  3-5.  Amplification  of  the  355-bp  (A).  840-bp  (B),  and  1. 075-bp  (C)  fragments  of 
the  hrp  gene  cluster  from  strains  of  Xanthomonas  campcstris.  Lanes:  M.  phage 
restricted  with  EcoRI  and  Hindi  1 1 ; 1 . X campeslris  pv.  vcsicatoria  75-3;  2,  X. 
campeslris  pv.  bilvae  XCB;  3,  -V.  campeslris  pv.  carotac  #13; 4,X  campeslris  pv.  citri 
9771;  5.  A:  campeslris  pv.  citrumelo  F I ; 6,  X campeslris  pv.  diefTcnbachiae  729;  7,  X. 
campeslris  pv.  fici  X151;  8.  X.  campeslris  pv.  gardneri  XG101;  9.  A'  campeslris  pv. 
moculifoliigardcniae  X22j;  10.  X.  campeslris  pv.  manihotis  Xml25D:  11,  X. 
campeslris  pv.  pclargonii  XCP58;  12,X  campeslris  pv.  phaseoli  ’Tuscans"  XP163A; 
13,  X.  campeslris  pv.  poinsettiicola  071-424;  14,  X.  campeslris  pv.  tarasaciXTUA; 
15,X.  campeslris  pv . vignicola  81-30;  I6,X  campeslris  pv.  viliansXVIT;  17,X 
campeslris  pv.  physalidicola  XP172.  Molecular  sizes  arc  given  in  base  pairs. 


Pseudomonas,  and  Xyleila.  and  from  the  non  plant  pathogens  E,  her  bicola.  X. 
mallophilia,  and  the  opportunistic  strains  of -V.  campestris  T-55  and  INA,  when  either 
RST2  plus  RST3  or  RST21  plus  RST22  were  used  (Table  3-1 ).  The  failure  to  amplify 
the  DNA  fragments  from  all  those  bacterial  strains  was  expected  because  of  the  lock  of 
hybridization  to  the  three  hrp  fragments  from  X.  campestris  pv.  vcsicatoria  75-3  (Table 
3-1). 

DNA  fragments  delineated  by  the  primers  RST9  and  RSTIO  were  consistently 
amplified  only  from  strains  of  X.  campestris  pv.  fici,  X.  campestris  pv.  physalidicola, 

X.  campestris  pv.  vcsicatoria.  and  X.  campestris  XI 98  (Fig.  3-5*,  Table  3-1).  However, 
some  pathovars  ofX.  campestris.  including  alfalfac.  citrumelo,  maculifoliigardinae. 

amplification  of  the  355  bp  fragment  (Fig.  3-5;  Table  3-1). 

The  identity  of  these  hrp  related  fragments  amplified  from  different  strains  of 
plant  pathogenic  Xanlhomonas  spp.  was  further  confirmed  by  Southern  hybridization 
analysis.  Internal  portions  of  the  840-  and  1 ,075-bp  DNA  fragments,  as  well  as  the 
entire  355  bp  fragment  amplified  from  X.  campestris  pv.  vcsicatoria  75-3,  were  used  as 
probes.  The  internal  probe  for  the  840  bp  fragment  consisted  of  a 271 -bp  insert  of  the 
plasmid  pXV840,  and  the  internal  probe  for  the  1 ,075-bp  fragment  consisted  of  a 335- 
bp  insert  of  the  plasmid  pXVI075.  The  inserts  were  obtained  from  fragments 
amplified  from  DNA  of  X.  campestris  pv.  vesicatoria  strain  75-3  by  cloning  SattiM 
digests  into  the  SumHI  site  of  the  vector  pBluescript  II  KS  +/-  (Stratagene,  La  Jolla, 
CA).  In  all  cases,  the  DNA  fragments  amplified  from  different  strains  of  Xanlhomonas 
spp.  with  each  set  of  primers  hybridized  with  the  respective  probe  (data  not  shown). 


strains,  I examined  the  840-  and  1,075-bp  hrp  fragment  amplified  from  strains  of 
different  pathovars  of  X campeslris,  as  well  as  from  X.fragariae,  by  restriction 
endonuclease  analysis  with  the  endonucleases  Cfo\ , Hae HI,  So»3AI,  and  Taql. 
Resniction  fragment  length  polymotphisms  were  apparent  for  both  fragments.  For 
example,  the  1,075-bp  fragment,  amplified  from  strains  of  different  pathovars  ofX 
campeslris  by  using  primers  RST2I  and  RST22  and  then  restricted  with  tfnelll  and 
Soi/3AI,  yielded  different  restriction  patterns  (Fig.  3-6).  Although  RFLPs  were 
observed  with  all  four  endonucleases  for  both  the  840-  and  the  1 ,075-bp  fragments. 


campeslris  pv.  pelargonii.  The  cosmid  clones  pXV56/3-48.  of  a pLAFR3  Ubrary  of 
strain  XV56  ofX.  campeslris  pv.  vesicatoria  group  B (Beaulieu  et  al.,  1991),  and 
pXCP58/2.  of  a pLAFR3  library  of  X campeslris  pv.  pelargonii  XCP58  (Gerald  V. 
Minsavagc.  personal  communication),  were  identified  by  amplification  of  the  1 ,075-bp 
hrp  fragment  with  the  primers  RST2 1 and  RST22  . Plasmid  pXV56/3-48  was 
transferred  into  IheX.  campeslris  pv.  vesicatoria  mutants  85-10 ::hrpA22, 85- 
10 :\hrpB8S,  85-10 : JirpC44,  85-10::fopD/J7, 85-l0::hrp£75,  and  85-10 : JirpF3l8. 
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ol.,  1991).  Plasmid  pXV56/3-48  folly  restore!  I p 1 (, 


mutations  in  hrpB,  hrpD,  and  hrpE,  and  the  hypersensitive  reaction-inducing  ability  but 

hrpA  and  hrpF  mutants.  Similarly,  plasmid  pXCP58/2  from  * campestris  pv. 
pclargonii  was  also  transferred  into  the  six  nonpathogenic  Tn?-g us  mutants  ofX. 
campestris  pv.  vesicatoria  85-10.  This  plasmid  fully  restored  the  wild  type  phenotype 
to  mutants  with  mutations  in  hrpC,  hrpD,  and  hrpE  but  failed  to  complement  hrpA, 
hrpB,  and  hrpF  Tn3-g«s  mutants. 


The  sensitivity  of  the  amplification  of  specific  DNA  fragments  in  detection  of 
X.  campestris  was  determined  by  using  10-fold  dilutions  of  purified  total  bacterial 
DNA  of*  campestris  pv.  vesicaloria  75-3.  The  oligonucleotide  primers  RST9  plus 
RSTI 0 and  RST2  plus  RST3  were  used  for  amplification  of  the  355-  and  840-bp  hrp, 
respectively,  from  samples  containing  as  little  as  0.25  pg  of  total  bacterial  DNA  after 
30  cycles  of  DNA  amplification  (Fig.  3-7). 

Sequence  homology  to  small  hrp  fragments  amplified  from  X.  campestris  pv. 
vesicaloria  75-3  was  found  among  plant  pathogenic  strains  of  several  pathovars  of* 

probes  representing  regions  of  the  hrpB,  hrpC,  and  hrpD  loci  hybridized  strongly  to 
total  DNA  from  strains  of  28  different  pathovars  of*  campestris.  These  results 
confirm  and  extend  previous  observations  (Bonas  et  al„  1991;  Stall  and  Minsavage, 


Fig,  3-7.  Amplification  of  the  355-bp  (A)  and  (B)  840-bp  fragments  of 
complementation  group  B of  the  hrp  gene  cluster  Irom  samples  with  different  amounts 
of  DNA  template  of  Xanlhomonas  campeslris  pv.  vcsicatoria  75-3.  Lanes:  M,  phage  X 
restricted  with  £coRI  and  Hindlll;  1, 25  ng;  2, 2.5  ng;  3, 0.25  ng;  4, 25  pg;  5, 2.5  pg;  6, 
0.25  pg:  7, 0.025  pg.  Molecular  sizes  are  given  in  base  pairs. 
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1990)  on  the  conservation  of  the  hrp  region  among  the  plant  pathogenic  xanthomonads. 
In  contrast,  the  DNA  of  AT.  campeslris  pv,  secalis  and  * campeslris  pv.  transluccns  did 
not  hybridize  to  the  hrp  fragments.  X.  campeslris  pv.  secalis  is  genetically  only  weakly 
related  to  a few  pathovars  of*  campeslris  based  on  DNA-DNA  hybridization 
experiments  (Hildebrand  ct  al„  1990).  Previously,*  campeslris  pv.  translucens  has 
shown  only  weak  hybridization  to  DNA  probes  representing  the  entire  hrp  gene  duster 
region  of*  campeslris  pv.  vesicatoria  (Bonas  cl  al.,  1991 ; Stall  and  Minsavage,  1990). 
Although  hybridization  to  DNA  of  all  strains  of  * campeslris  included  in  this  study 
was  not  observed,  the  hrp  region  seems  useful  for  detection  and  identification  of  a large 

is  the  lack  of  homology  to  DNA  of  non  plant  pathogenic  xanthomonads,  as  observed 
for  * maliophilia  and  the  opportunistic  * campeslris  strains  T-55  and  fNA,  as  well  as 
other  plant  pathogens  of  the  genera  Acidomrax,  Agrohaclerium,  Clavibacler,  Envinia. 
Pseudomonas,  and  Xylella. 

The  three  pairs  of  oligonucleotide  primers  described  in  this  study  are  specific 
for  the  hrpB,  hrpC,  and  hrpD  regions  of  * campeslris  pv.  vesicatoria  75-3  and  were 
used  to  amplify  homologous  DNA  fragments  from  * fragariae  and  from  31  of  33 
plant  pathogenic  taxa  of*  campeslris  tested,  which  comprise  at  least  28  different 
pathovars  of  this  species.  In  all  cases,  each  set  of  primers  amplified  DNA  fragments 
identical  in  size,  suggesting  a high  degree  of  structural  conservation  between  operons, 
as  seen  with  primers  RST2I  and  RST22.  Cloned  regions  of  DNA  of*  campeslris  pv, 

fragments  were  also  amplified,  fully  restored  pathogenicity  to  several  nonpathogenic 
TttS-guj  mutants  of  * campeslris  pv.  vesicatoria  85-10.  This  supports  the  contention 


Chat  Ihcsc  fragments  were  amplified  from  DNA  sequences  which  also  control  Ihc 

for  defection  and  identification  of  only  certain  strains  of  X campesiris  (Hartung  et  al„ 
1993),  the  hrp  specific  primers  RST2  plus  RST3  and  RST21  plus  RST22  seem  very 
useful  for  the  identification  of  a large  range  of  plant  pathogenic  xanthomonads.  This  is 
perhaps  not  surprising,  because  the  hrp  region  seems  very  conserved  among  different 
plant  pathogenic  xanthomonads  as  determined  by  Southern  hybridization  experiments 
in  the  present  and  previous  studies  (Bonus  et  al„  1 99 1 ; Stall  and  Minsavage,  1 990). 
Furthermore,  the  nucleotide  sequences  of  the  primers  RST2 1 and  RST22  are  identical 
to  corresponding  sequences  of  pathogenicity  genes  of  X.  campesiris  pv.  glycines 
(Hwang  et  al„  1992).  In  addition,  the  cloned  fragment  from  X.  campesiris  pv.  glycines 
complements  lirpD  mutants  ofX.  campesiris  pv.  vcsicatoria  (Ulla  Bonas,  personal 

Primers  RST9  and  RST10,  which  delineate  a fragment  of  355  bp,  allowed  DNA 
amplification  only  from  a limited  number  of  pathovars  of  X.  campesiris,  despite 
hybridization  of  the  fragment  to  the  majority  of  the  strains  of  this  species.  It  should  be 
noted  that  the  sequence  of  RST9  originates  from  hrpB6.  a gene  for  a putative  ATPase 

level  (Fenselau  et  al„  1992).  These  results  indicate  differences  in  the  DNA  sequences 

primers  seems  useful  for  specific  detection  of  strains  of  X campesiris  pv.  vesicatoria 
group  A,  X.  campesiris  pv.  fici,  X.  campesiris  pv.  physalidicola,  and  X.  campesiris 
XI98. 
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The  identification  of  strains  of  X.  campeslris  at  the  pathovar  level  is  difficult 
even  by  using  different  techniques,  such  as  fatty  acid  analysis  (Chase  et  al.,  1992; 
Graham  et  al„  1990).  serology  (Alvarez  et  al.,  1991),  metabolic  profile  (Chase  et  al„ 
1992;  Van  den  Mooter  and  Swings,  1990),  and  SDS-PAGE  of  proteins  (Vauterin  et  al., 
1991a);  thus,  the  restriction  analysis  of  amplified  hrp  related  fragments  may  be  a 
valuable  tool  for  identification  of  subgroups  of  plant  pathogenic  strains  and  pathovars 
ofX  campeslris.  For  example,  restriction  analysis  with  frequent-cutting  endonucleases 
produced  a characteristic  restriction  pattern  for  the  840-  or  1,075-bp  DNA  fragments 
amplified  from  the  Xanlhomanas  spp.  included  in  this  work;  this  appears  to  be  highly 
conserved  within  each  group  of  certain  plant  pathogenic  xanthomonads  (Chapter  4).  In 
this  way,  RFLP  profiles  of  a particular  hrp  region  could  be  established  for  each  plant 
pathogenic  group  of  xanthomonads  thus  facilitating  the  identification  and  classification 
of  these  bacterial  strains. 

The  use  of  oligonucleotide  primers  provides  a sensitive  and  specific  tool  for 
detection  of  DNA  by  amplification.  Theoretically,  the  limit  of  detection  of  an 
amplifiable  DNA  sequence  is  estimated  to  be  as  low  as  one  single  target  cell  in  the 
reaction  mixture  (Steffan  and  Atlas,  1991).  In  our  studies,  we  were  able  to  find  a 
detectable  signal  for  as  low  as  0.25  pg  of  total  bacterial  DNA.  This  level  of  sensitivity 
is  comparable  to  those  obtained  by  others  without  the  use  of  any  technique  to  enhance 
the  signal  (Pickup.  1991;  Steffan  and  Atlas.  1988).  Furthermore,  X campeslris  pv. 
vcsicaloria  could  be  detected  in  plant  samples  containing  less  than  100  CFU/ml, 
without  prior  enrichment  or  cultivation  of  the  organism  (Chapter  7).  In  addition  to  the 
sensitivity  of  the  technique,  the  specificity  of  the  oligonucleotide  primers  to  plant 
pathogenic  xanthomonads  certainly  assures  selectivity  against  background  nontarget 


■ always  present  in  the  samples. 


In  conclusion,  the  results  presented  here  indicate  that  plant  pathogenic  strains  of 
X.  campestris  and  related  xanthoraonad  species  can  be  detected  and  may  be  identified 
by  analysis  of  DNA  fragments  amplified  with  hrp  gene-specific  primers.  The 
conservation  of  the  hrp  DNA  sequence  among  a large  number  of  pathovars  ofX. 
campestris,  as  well  as  in  related  Xanthomonas  spp..  but  lack  of  the  hrp  DNA  sequence 
among  non-plant  pathogenic  bacteria,  makes  this  method  a useful  tool  for  detection  and 
identification  of  many  plant  pathogens.  Consequently,  hrp  oligonucleotide  primers 
may  be  also  useful  to  determine  the  pathogenic  nature  of  unknown  xanthomonads. 

This  is  particularly  significant  for  assessing  the  complex  population  of  plant  pathogenic 
and  nonpathogenic  xanthomonads  associated  with  plants  and  plant  parts.  The  presence 
of  plant  pathogenic  strains  in  such  samples  may  be  determined  by  amplification  of  the 
hrp  fragments  without  the  need  of  the  troublesome  methods  of  isolation  of  the 
organism  and  inoculation  into  potential  host  plants.  Moreover,  RFLPs  delected  in  the 
genome  of  different  strains  seem  valuable  for  the  study  of  the  relatedncss  of  plant 
pathogenic  xanthomonads,  particularly  among  Xanthomonas  spp,  and  pathovars  ofX. 
campestris.  Of  course,  this  has  to  be  extended  by  testing  larger  numbers  of  strains  for 
each  species,  subspecies,  or  pathovar.  The  genetic  methods  of  analyzing  populations  of 
bacteria  will  provide  valuable  additional  information  for  taxonomic,  ecological,  and 
epidemiological  studies  of  plant  pathogenic  xanthomonads. 


CHAPTER  4 

CHARACTERIZATION  OF  PLANT  PATHOGENIC  Xanlhomonas 
BASED  ON  RESTRICTION  ANALYSIS  OF  AMPLIFIED  DNA 
SEQUENCES  RELATED  TO  THE  hrp  GENES 

Identification  of  plant  pathogenic  xanthomonads  has  relied  on  isolating  the 

serological,  and  pathological  tests  (Bradbury,  1984;  Saettler  ct  a).,  1989;  Schaad. 

1988).  More  recently,  methods  based  on  metabolic  fingerprinting  (Chase  ct  al„  1992; 
Hildebrand  cl  al.,  1993;  Jones  et  a!.,  1993a;  Van  den  Mooter  and  Swings,  1990; 
Vemicre  et  al„  1993),  protein  profiling  (Vautcrin  ct  al„  1991ab),  and  fatty  acid 
composition  (Chase  et  al„  1992;  Hodge  et  al„  1992;  Yang  et  al„  1993)  have  also  been 
used  for  identification  of  these  plant  pathogens.  Although  these  methods  have  proved 
useful  for  the  differentiation  of  certain  plant  pathogenic  xanthomonads,  the  specific 
identification  of  the  xanthomonads  at  the  subgencric  level  is  still  difficult.  Further,  the 
difficulty  is  particularly  evident  for  the  infrasubspccific  identification  of  the  members 
ofX.  campeslris.  This  species  includes  at  least  125  different  pathovars  which  are 

(Bradbury,  1984;  Dye  et  al„  1 980;  Hayward,  1 993).  Therefore,  there  is  a need  for  more 
rapid  and  unambiguous  procedures  for  identification  and  detection  of  these  plant 

charactcnzauon  of  the  xanthomonads,  DNA-DNA  hybridizations  were 


; applied  I 
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determine  the  intrageneric  relationships  among  different  xanthomonads  (Hildebrand  ct 
al.,  1990;  Palleroni  et  al..  1993;  Vauterin  et  al.,  1993)  and  21  DNA  homology  groups 
were  established  (Vauterin  et  al.,  1993).  Some  DNA  homology  groups  were  delineated 
which  include  pathovars  of  X.  campesiris  causing  diseases  on  closely  related  plants  as 
occurs  with  the  xanthomonads  pathogenic  on  leguminous  (Hildebrand  ct  al.,  1990; 
Palleroni  eta!.,  1993;  Vauterin  ctal.,  1 993),  gramineous  (Vauterin  etal.,  1993),  and 
cruciferous  plants  (Vauterin  ct  al.,  1993).  Furthermore,  these  groups  established  based 
on  DNA  homology  are  strongly  supported  by  tire  groupings  based  on  SDS-PAGE  of 
proteins  and  fatty  acid  analyses  (Vauterin  et  al..  1991a.  1992;  Yang  etal.,  1993). 
However,  the  genetic  rclatcdncss  among  the  xanthomonads  is  not  always  correlated 
with  pathogenicity  features. 

among  strains  of  the  same  pathovar  or  different  pathovars  of  X.  campesiris  that  cause 
diseases  on  the  same  or  highly  related  hosts.  For  example,  strains  ofX.  campesiris  pv. 

33%  related  on  the  basis  of  DNA  homology  (Stall  et  al.,  1994).  Further,  this  low 
genetic  similarity  and  the  differences  in  phenotypic  features  strongly  supports  the 

different  species  (Stall  ct  al.,  1994).  In  another  study,  Egcl  et  al.  (1991)  examined  the 
genetic  relatedncss  of  the  xanthomonads  causing  diseases  of  citrus  and  found  that 
strains  of  the  citrus  canker  pathogen  X campesiris  pv.  citri  and  strains  of  the  citrus 
bacterial  spot  agent  X.  campesiris  pv.  citrumclo  are  less  than  60%  related  to  one 
another.  The  diverse  nature  of  the  X.  campesiris  strains  causing  diseases  on  citrus  has 
also  been  determined  on  the  basis  of  genomic  fingerprinting  (Horlung  and  Civerolo, 
1987),  analysis  of  restriction  fragment  length  polymorphism  (RFLP)  (Gabriel  el  al.. 
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1988, 1989;  Graham  cl  al..  1990;  Homing  and  Civerolo,  1989).  and  fatly  acid 
composition  (Graham  etai..  1990;  Stall  and  Hodge,  1989). 

The  genetic  diversity  of  the  xanthomonads  has  also  been  investigated  by  using 
other  nucleic  acid-based  techniques,  such  as  genomic  fingerprinting  with  frequent-  and 
rare-cutting  restriction  endonucleases  (Egcl  et  al..  1991;  Hartung  and  Civerolo.  1987; 
Provost  et  al.,  1992)  and  RFLP  analyses  of  plasmid  and  genomic  DNAs  (Bcrthier  et  al., 
1993;  DcParasis  and  Roth,  1990;  Gabriel  et  al.,  1988, 1989;  Gatde  and  Bender,  1991; 
Gilbertson  et  al.,  1989;Gottwaldetal.,  1991;  Graham  etaL,  1990;  Hartung,  1992; 
Hartung  and  Civerolo,  1989, 1991;  Lazo  and  Gabriel,  1987;  Lazo  ctal.,  1987;  Leach  et 
al.,  1990, 1992;  Qhobela  and  Clallin,  1988, 1992;  Vcrdier  ctal.,  1993).  In  an  extensive 
study.  Lazo  et  al.  (1987)  differentiated  strains  representing  26  different  pathovars  ofX. 
campestris  based  on  RFLP  analysis  by  using  random  DNA  probes  obtained  from  a 
cloned  fragment  derived  from  X.  campestris  pv.  citrumclo.  The  RFLP  analyses 
revealed  profiles  highly  conserved  and  characteristic  for  each  pathovar  tested.  It  was 
possible  to  differentiate  all  the  pathovars  of  X.  campestris  included  in  the  study  by 
using  more  than  one  DNA  probe  or  by  digesting  the  genomic  DNA  with  different 
restriction  endonucleases  (Lazo  et  al.,  1 987).  Plasmid  DNA  fragments  have  also  been 
examined  as  probes  for  specific  identification  of  certain  groups  of  A-,  campestris  (Garde 
and  Bender,  1991;  Gilbertson  et  al..  1989;  Hartung,  1992;  Hartung  etal.,  1993;  Lazo 
and  Gabriel.  1987).  However,  DNA  probes  derived  from  specific  regions  in  the 

species  of  Xanthomonas. 

The  hypersensitive  reaction  and  pathogenicity  (Itrp)  gene  cluster  that  has  been 
found  in  several  plant  pathogenic  bacteria  may  be  appropriate  for  specific  identification 


or  plant  pathogenic  xanthomonads.  The  hrp  genes  are  required  by  plant  pathogens  to 
cause  disease  on  susceptible  hosts  and  hypersensitive  reaction  (HR)  on  resistant,  or  on 
nonhost  plants  (Willis  ct  al„  1991).  The  hrp  genes  have  been  found  in  different  plant 
pathogenic  bacteria,  including  Erwinia  amyiomra  (Beer  ct  al„  1991),  Pseudomonas 
solanaccarum  ( Boucher  el  al..  1987),  P.  syringae  pv.  phaseolicola  (Lindgren  et  al„ 
1986),  and  X.  campcstris  pv.  vcsicatoria  (Bonas  et  al..  1991).  Furthermore,  the  hrp 
gene  sequence  seems  to  be  highly  conserved  among  different  pathogenic  bacteria  at  the 
functional  level  (Ulla  Bonas.  personal  communication;  Fcnselau  et  al.,  1992;  Gough  ct 
al.,  1992;  Hwang  ct  al.,  1992).  On  the  contrary,  nonpathogenic  bacteria  are  unable  to 
cause  disease  or  HR  on  plants  and  they  apparently  lack  DNA  sequences  similar  to  the 
hrp  genes  (Lindgren  et  al..  1986;  Stall  and  Minsavage,  1990).  In  previous  studies,  the 
fa-p-genes  sequences  were  useful  for  differentiating  pathogenic  from  nonpathogenic 
xanthomonads  (Stall  and  Minsavage,  1990),  as  well  as  for  differentiating  strains  from 
different  pathovars  of  X.  campesiris  and  related  plant  pathogenic  Xanlhomonas  spp. 
(Chapter  3). 

xanthomonads  by  restriction  analysis  of  DNA  sequences  related  to  the  hrp  genes  of  X. 
campesiris  pv.  vesicatoria.  I used  oligonucleotide  primers  specific  for  the  hrp  genes  to 
amplify  hrp-related  DNA  fragments  from  different  plant  pathogenic  xanthomonads  by 
the  polymerase  chain  reaction.  Further,  the  reliability  of  the  identification  of  the 
xanthomonads  was  assessed  by  examining  different  groups  of  plant  pathogenic 
xanthomonads  that  comprise  the  species  X.  atbilineans,  X fragariae , and  at  least  3 1 
different  pathovars  ofX  campesiris. 


The  bacterial  strains  used  in  this  study,  their  taxonomic  designation,  and  their 
sources  are  listed  in  the  Appendix  A.  All  the  bacterial  strains  had  previously  been 
identified  as  members  of  Xanlhumonas  spp.  by  fatty  acid  analysis  (Nancy  C.  Hodge, 
personal  communication).  The  strains  of  X.  campeslris  were  grown  on  nutrient  agar 
(Bccton  Dickson,  Cockeysville,  MD).  Strains  of  X.  albilineans  and  X fragariae  were 
grown  on  Wilbrink's  medium  (Koike,  1965).  Broth  cultures  were  grown  24  hours  on  a 
rotatory  shaker  (150  ipm)  at  28°C.  All  strains  were  streaked  on  appropriate  media  and 
cultures  were  obtained  from  single  colonies.  The  strains  were  stored  and  maintained  in 
tap  water  at  room  temperature,  or  in  30%  glycerol  at  -70°C,  or  both. 


ON  A extraction 

Total  bacterial  genomic  DNA  was  prepared  by  using  the  phenol-chloroform 
extraction  procedure  described  by  Ausubel  et  al.  (1987)  with  minor  modifications. 
Bacterial  cells  were  harvested  by  centrifuging  for  2 min  at  16,000  g.  The  pellet  was 
washed  once  in  1 ml  of  distilled  water,  and  then  resuspended  in  567  pi  of  TE  buffer  (10 
mM  Tris-Cl,  pH  8.0;  1 mM  EDTA,  pH  8.0).  Lysis  solution  containing  Proteinase  K 
(Boehringcr  Mannheim,  Indianapolis,  IN)  and  sodium  dodecyl  sulfate  (SDS)  (Sigma, 
St  Louis,  MO)  were  added  to  final  concentrations  of  1 00  pg/ml  and  0.5%, 

hexadccyltrimcthyl  ammonium  bromide  (Sigma)  were  added  for  a final  concentration 


I for  10  min  at  65°C.  DNA  i 


performed  by  sequential  chlorororm-isoamyl  alcohol  (24:1)  and  phenol-chloroform- 

shaken  continuously  and  gently  for  10  min  and  centrifuged  for  5 min  at  1 6,000  g. 
After  isopropanol  precipitation,  the  DNA  pellet  was  washed  with  70%  ethanol,  and 
then  dried  under  vacuum  for  20  min.  The  pellet  was  redissolved  in  1 00  pi  of  TE  and 
stored  at  4aC. 


Xanthomonas  campeslris  pv.  vesicatoria  (Bonus  et  al„  1991)  were  used  in  this  study. 
The  primers  RST2  and  RST3  delineated  an  840-bp  region  and  the  primers  RST21  and 
RST22  delineated  an  1. 075-bp  region  of  the  complementation  groups  B and  C/D  of  the 
hrp  gene  cluster  of X.  campeslris  pv,  vesicatoria,  respectively  (Chapter  3;  Bonas  et  al„ 
1991).  Oligonucleotide  primers  were  synthesized  with  a model  394  DNA  Synthesizer 
(Applied  Biosystcms.  Foster  City.  CA)  by  the  DNA  Synthesis  Laboratory,  University 
of  Florida,  Gainesville. 

The  DNA  sequences  were  amplified  in  a reaction  mixture  of  50  pi  containing  5 
pi  of  10X  buffer  (500  mM  KCI,  100  mM  Tris  CI  (pH  9.0  at  25-CJ,  1%  Triton  X-100), 

1 .5  mM  MgCb,  200  pM  of  each  deoxynucleotide  triphosphate  (Bochringer 
Mannheim).  25  pmol  of  each  primer.  1.25  units  of  Taq  polymerase  (Promega,  Madison. 
Wl),  and  100  ng  of  purified  template  DNA.  The  reaction  mixture  was  overlaid  with  50 

thcimocyclcr  PT-100-60  (MJ  Research,  Watertown,  MA)  according  to  the  following 
profiles:  30  sec  of  denaluration  at  95°C,  30  s of  annealing  at  62°C,  and  45  s of 
extension  at  72°C  for  the  primers  RST2  and  RST3  and  30  s of  denaluration  at  95°C,  40 


; RST21  and 


s of  annealing  at  61"C,  and  45  s of  extension  at  72°C  for  the  primers 
RST22.  The  last  extension  step  for  both  profiles  was  extended  to  5 min. 

The  amplified  DNA  sequences  were  delected  by  electrophoresis  in  0.9% 
agarose  gels  in  TAE  buffer  (40  mM  Tris  acctate,  1 mM  EDTA,  pH  8.2)  according  to 
standard  procedures  (Ausubcl  et  al.,  1987;  Sambrook  et  al.,  1 989). 


The  amplified  DNA  fiagments  were  restricted  with  cither  endonucleases  Cfi\, 
Hae 111.  S0I/3A1,  or  Toql,  under  conditions  specified  by  the  manufacturer  (Promega). 
The  restricted  fragments  were  separated  by  electrophoresis  in  4%  agarose  gels  (3% 
NuSieve  and  I % Seakem  GTG  [FMC  BioProducts,  Rockland,  ME])  in  TAE  buffer  at  8 
V/cm.  The  gel  was  stained  with  0.5  pg  of  cthidium  bromide  per  ml  for  40  min  and 
then  destained  in  1 mM  MgS04  for  1 hour  and  photographed  over  a UV 
tmnsilluminator  (Fotodyne  Inc.,  New  Berlin,  Wl). 


The  DNA  restriction  banding  patterns  were  determined  by  visual  examination 
of  the  Arp-related  fragments  digested  with  each  of  the  four  endonucleases.  The 
banding  patterns  obtained  for  each  fragment  were  used  for  comparison  with  the 
patterns  obtained  for  homologous  fragment  amplified  from  strains  of  a given  pathovar 
and  also  from  strains  of  different  pathovars  of  X.  campeslris  and  of  the  species  X. 

banding  pattern.  This  restriction  profile  number  was  then  used  to  determine  the  RFLP 
group  of  each  strain  or  group  of  strains  of  the  plant  pathogenic  xanthomonads  included 


The  top-related  fragments  delineated  by  the  primers  RST2  plus  RST3  and 


primers  RST21  plus  RST22  were  amplified  by  polymerase  chain  reaction  front  plant 

(Table  4-1).  The  fragments  amplified  were  of  identical  sizes  in  all  cases  with  both  sets 
of  primers  (data  not  shown).  Low  DNA  yield  was  obtained  for  the  840-bp  top-related 
fragment  amplified  with  the  primers  RST2  and  RST3  for  all  strains  ofX  campestris 
pv,  carotae.  X.  campestris  pv.  gardneri.  X.  campestris  pv.  papavericola,  X campestris 
pv.  pelargonii,  X.  campestris  pv.  taraxaci.  and  two  strains  of  X.  campestris  pv.  vitians 
(Table  4-1 ).  The  840  bp  top  fragment  was  not  amplified  from  a strain  ofX  campestris 
pv.  holcicola  (Table  4-1 ) whereas  both  top  fragments  were  not  amplified  from  strains 
of  X albilineans,  X.  campestris  pv.  celebensis,  X.  campestris  pv.  sccalis,  X.  campestris 
pv.  transluccns.  and  nonpathogenic  X.  campestris  (Table  4-1),  Moreover,  both  top 

campestris  which  includes  X.  campestris  pv.  fici,  X.  campestris  pv.  pelargonii.  X. 

(Table  4-1). 


The  top-related  fragments  were  amplified  from  192  strains  of  plant  pathogenic 
xanthomonads  representing  X.  fragariac  and  28  different  pathovars  ofX  campestris 


(Table  4-1).  Restriction  fragn 


Table  4-1.  Amplification  of  the  related  fragments  from  strains  of  Xanthomonas 
campestris  and  related  Xanthomonas  spp. 

Spccies/Pathovar  No.  of  strains  No.  of  strains  with  positive 

tested  amplification  of /w/r-relaled  fragment 


canker  A 
canker  B 

pv.  citrumclo 


holcicola 

maculifoliigardeniac 

malvacearum 

manihotis 

papavcricola 

phaseoli 

ptiaseoli  'Tuscans" 

physalidicola 

poinsettiicola 


840  bp  1,075  bp 

2 2 

3 3 

9 9 

7(7)“  7 

0 0 

6 6 

10  10 

5 5 

3(3)  3 

7 7 


1(1) 

7(7) 

5 


1(1) 


Continued  on  following  page 


Table  4- 1 . — Continued 


group  A 
group  B 
pv.  vignicota 


undetermined  and  25  0 0 

nonpathogenic 

X.  fragariae  9 9 9 

“Number  in  brackets  indicates  number  of  strains  which  produced  weak  signal- 
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fragments  amplified  from  the  different  plant  pathogenic  xanthomonads  after  digestion 
with  frequent-cutting  endonucleases  Cfol,  HaeUl,  Sau3Al,  and  Taq I.  The  combination 
of  Arp-related  sequences  and  restriction  endonucleases  were  uscfill  for  the 
establishment  of  distinct  restriction  banding  patterns  for  the  different  groups  of  plant 
pathogenic  xanthomonads  included  in  this  study. 

The  strains  of  plant  pathogenic  xanthomonads  were  distributed  into  fifty 
different  groups  on  the  basis  of  the  banding  patterns  of  two  Arp- related  fragments 
digested  with  the  restriction  endonucleases  Cfo\,  Hae III.  5dt/3AI,  and  Taq\  (Table  4-2). 
The  restriction  banding  patterns  were  determined  by  visual  comparisons  of  the  DNA 
bands  separated  by  electrophoresis  of  agarose  gels  (Fig.  4- 1 to  4-8).  The  1 ,075-bp  Arp- 
related  fragment  amplified  from  different  strains  of  xanthomonads  and  restricted  with 
the  endonucleases  Cfol  and  7/uellI  generated  the  largest  number  of  restriction  banding 
patterns,  23  and  25.  respectively  (Fig.  4-5  and  4-6).  The  restriction  analysis  of  the  hrp- 
related  fragment  with  these  two  endonucleases  was  more  discriminatory  and  was  very 
useful  for  differentiation  of  closely  related  pathovars,  such  as  X.  campesiris  pv. 
armoraciae  and  X.  campesiris  pv.  campestris  (Table  4-2),  or  even  to  distinguish  groups 
of  strains  within  pathovars,  such  as  the  case  of  strains  of  X.  campesiris  pv. 
dieffenbachiae  (Fig.  4- 1 1 ; Table  4-2)  and  X.  campesiris  pv.  citri  (Chapter  6;  Table  4-2). 
On  the  other  hand,  the  restriction  analysis  with  less  discriminatory  endonucleases,  such 
as  Taql,  was  very  helpful  to  establish  the  genetic  relatedness  at  pathovar  level  (Table  4- 
2).  For  example,  the  cruciferous  pathogens  X.  campesiris  pv.  armoraciae,  X. 
campesiris  pv.  campesiris.  X.  campesiris  pv.  incannc,  and  X.  campesiris  pv.  raphani  all 
belong  to  the  Taql  profile  1 for  the  840-bp  Arp-rclatcd  fragment  and  to  the  Taql  profile 
3 for  the  1,075-bp  Arp-related  fragment  (Table  4-2). 
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Fig.  4-2.  Restriction  profiles  established  for  the  840-bp  Arp-related  ftagment  amplified 
from  different  strains  of  plant  pathogenic  Xanthomonas  spp.  and  restricted  with  the 
endonuclease  //belli.  Lane  M.  phage  l restricted  with  Psll.  Molecular  sizes  are  given 
in  bases.  See  Table  4-2  for  identification  of  strains  of  Xanthomonas  spp.  for  each 
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Fig.  4-3.  Restriction  profiles  established  Tor  the  840-bp  hrp- related  fragment  amplified 
from  different  strains  of  plant  pathogenic  Xanthomonas  spp.  and  restricted  with  the 

in  bases.  See  Table  4-2  for  identification  of  strains  of  Xanthomonas  spp.  for  each 
restriction  pattern. 
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Fig.  4-4.  Restriction  profiles  established  for  the  840-bp  hr/i-relaled  fragment  amplified 
from  different  strains  of  plant  pathogenic  Xanlhomonas  spp.  and  restricted  with  the 
endonuclease  Taq I.  Lane  M.  phage  >.  restricted  with  Psi\.  Molecular  sizes  are  given  in 
bases.  Sec  Table  4-2  for  identification  of  strains  of  Xanlhomonas  spp.  for  each 
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Fig.  4-5.  Restriction  profiles  established  for  the  1.075-bp  hrp-related  fragment 
amplified  from  different  strains  of  plant  pathogenic  Xanthomonm  spp.  and  restricted 

given  in  bases.  Sec  Tabic  4-2  for  identification  of  strains  of  Xanthomonas  spp.  for  each 


'I  si 
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Fig.  4-6.  Restriction  profiles  established  for  the  1 ,075-bp  Arp-related  fragment 
amplified  from  different  strains  of  plant  pathogenic  Xanthomonas  spp.  and  restricted 
i the  endonuclease  Hae\\\.  Lane  M,  phage  A restricted  with  Pstl.  Molecular  sizes 
given  in  bases.  Sec  Table  4-2  for  identification  of  strains  of  Xanthomonas  spp.  for 


Fig.  4-7.  Restriction  profiles  established  for  the  1.075-bp  Arp-related  fragment 
amplified  from  different  strains  of  plant  pathogenic  Xanlhomonas  spp.  and  restricted 
with  the  endonuclease  &w3Al.  Lane  M,  phage  L restricted  with  Pst\.  Molecular  sizes 
are  given  in  bases.  See  Table  4-2  for  identification  of  strains  of  Xanlhomonas  spp.  for 


75 


Fig.  4-8.  Restriction  profiles  established  for  the  1 ,075-bp  /ir/>-rclatcd  fragment 

with  the  endonuclease  Tag],  Lane  M,  phage  restricted  with  Pstl.  Molecular  sizes  are 
given  in  bases.  See  Table  4-2  for  identification  of  strains  of  Xanlhomonas  spp.  for  each 
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Strains  of  X.  campeslris  pv.  holcicola,  X.  campeslris  pv,  vesicatoria  group  B, 
and  X.  fragariae  each  produced  characteristic  restriction  patterns  for  both  Arp-related 
fragments  digested  with  four  different  endonucleases.  In  the  case  of  the  1 ,075-bp  Arp- 
related  fragment  amplified  from  strains  of  the  three  taxa  and  restricted  with  either  Cfol, 
Hae III,  &iu3AI,  or  Taq\,  the  restriction  banding  patterns  produced  were  unique  (Table 
4-2).  Furthermore,  the  restriction  pattern  obtained  for  strains  of  X.  campeslris  pv. 

endonucleases  (Table  4-2).  In  regard  to  the  840-bp  Arprelated  fragment,  the  restriction 
patterns  were  also  unique  for  the  strains  of  X.  campeslris  pv.  vesicatoria  group  B and  X 
fragariae  with  the  exception  of  the  banding  patterns  obtained  by  using  the  restriction 
endon  cl  as  7 )l  (Table  4-2).  In  this  case,  the  restriction  pattern  of  strains  of  X. 

also  to  strains  of  another  group  of  plant  pathogenic  xanthomonads  that  included  X. 
campeslris  pv.  armoraciac,  X.  campeslris  pv.  begoniae,  X campeslris  pv.  campestris, 


raphani  (Table  4-2).  The  840-bp  Arprelated  fragment  was  not  amplified  from  the 
strain  of*  campeslris  pv.  holcicola  (Table  4-1). 

On  the  contrary,  strains  of  the  other  pathovars  of*  campeslris  usually 

two  Arprelated  fragments  provided  differentiation  for  almost  all  groups  of  plant 
pathogenic  xanthomonads  included  in  this  study  (Table  4-2).  Among  the  exceptions 
are  the  strain  9561 -I  of*  campeslris  pv.  incanaeand  strain  #16  of*  campeslris  pv. 
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carotae  that  could  not  be  differentiated  from  Ihe  strains  of  A.  campeslris  pv.  campcstris 
(Table  4-2).  Other  cases  include  the  strain  82-17  of  A!  campeslris  pv.  phaseoli  that 
could  not  be  differentiated  from  strains  of  X.  campeslris  pv.  glycines  group  A;  strains 
F59  and  F86  of  A campeslris  pv.  citrumelo  were  indistinguishable  from  strains  of  A 
campeslris  pv.  pruni;  strain  X125  of  A campeslris  pv.  ftci  group  A was  identical  to 
strains  of  A campeslris  pv.  poinsettiicola  group  A;  strain  XV2  of  A campeslris  pv. 
vitians  was  identical  to  strains  of  A campeslris  pv.  mnlvacearum;  and  strain  X52 
isolated  from  Hibiscus  sp.  was  indistinguishable  from  strains  of  A campeslris  pv. 
poinsettiicola  group  B (Table  4-2). 

The  restriction  analysis  of  the  Arp-related  sequences  revealed  some  apparent 
groupings  among  the  plant  pathogenic  xanthomonads  based  on  the  similarity  in  the 
restriction  banding  patterns  of  homologous  Arp-related  fragments.  The  pathogens  of 
cruciferous  plants.  A campeslris  pv.  armoraciae,  A campeslris  pv.  campcstris,  A 
campeslris  pv.  incanac,  and  A campeslris  pv.  raphani  have  very  similar  restriction 
profiles  for  both  Arp-related  fragments  and  they  formed  a very  distinct  group  (Table  4- 
2).  Strains  of  A campeslris  pv.  armoraciae  could  be  differentiated  from  A campeslris 
pv.  campestris  and  X.  campeslris  pv.  incanae  only  by  the  restriction  analysis  of  the  840- 
bp  Arp  related  fragment  with  the  endonuclease  Cfol  (Table  4-2).  The  restriction 
patterns  obtained  for  these  pathovars  were  usually  identical  or  very  similar  with  the 
exception  to  the  restriction  patterns  of  the  1 ,075-bp  fragment  for  strains  of  A 
campeslris  pv.  raphani  (Table  4-2).  Similarly,  the  strains  of  the  pathovars  A 

campeslris  pv.  pelargonii,  A campeslris  pv.  taraxaci,  and  A campeslris  pv.  vitians 
group  B also  formed  a unique  group,  although  they  cause  diseases  on  different  hosts. 
The  restriction  analysis  of  the  1,075-bp  Arp-related  fragment  amplified  from  strains  of 
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ealcd  very  similar  banding  patterns  (Table  4-2).  All  strains  of  the 
ong  to  the  restriction  banding  profiles  3 and  2 or  3 of  the 
endonucleases  Taql  and  &w3AI,  respectively  (Table  4-2).  The  restriction  banding 
patterns  from  the  strains  of  these  pathovais  for  the  endonucleases  Cfol  and  Haelll  are 
also  very  similar  and  they  have  several  DNA  bands  in  common  (Fig.  4-5  and  4-6). 
Although  the  other  pathovars  of  X.  campeslris  also  showed  some  trends  in  regard  to  the 
similarity  of  the  restriction  patterns  for  both  /('/’-related  fragments,  a more 

establish  the  precise  delineation  of  the  groupings. 


Sequence  variation  in  the  hrp  region  was  revealed  by  restriction  analysis  of 
both  /’//’-related  fragments  amplified  from  strains  within  the  same  taxa  of  plant 
pathogenic  xanthomonads.  Further,  this  variation  indicated  that  these  plant  pathogens 
may  differ  in  the  genetic  variability  of  the  DNA  sequence  of  the  hrp  gene  cluster. 
Whereas  some  taxa  have  very  uniform  restriction  patterns  for  both  /’///-related 
sequences,  others  seem  to  be  comprised  of  very  distinct  groups  of  strains.  For  instance. 

diseased  material  in  Florida,  California,  and  Canada  (Ann  R.  Chase,  persona] 

restricted  with  either  Cfol,  Hae III,  &u3AI,  or  Taql  (Fig,  4-9;  Table  4-2).  Similarly, 
uniform  banding  patterns  were  observed  for  strains  within  the  pathovars  X.  camper  Iris 
pv.  campeslris,  X.  campeslris  pv.  malvaccarum,  X.  campeslris  pv.  pclargonii,  and  X. 
campeslris  pv.  raphani  (Table  4-2).  Strains  within  the  pathovars  X.  campeslris  pv. 
armoraciae, X campeslris  pv.  gardneri,  and  X.  campeslris  pv.  vignicola  also  produced 
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Fig.  4-9.  Restriction  analysis  of  the  840-bp  hrp-  related  fragments  amplified  from 
strains  of  Xanthomonas  fragariae  and  restricted  with  Hae 111  (Lanes  2 to  10)  and  Cfol 
(Lancs  1 2 to  20).  Lancs  1 and  1 1 , phage  X restricted  with  PM.  Lancs  2 and  1 2, 
XI238;  3 and  13.  XI241;  4 and  14,  XI244;  5 and  IS,  XI246;  6 and  IS,  X1292;  7 and 
17,30298;  8 and  18.  X1426;  9 and  19,  GC6265;  10  and  20.*  campestris  pv. 


ich  other  though  I 


for  each  of  these  pathovaxs  (Table  4-2).  In  the  case  of  the  pathovars  X.  campesiris  pv. 
gardneri  and  X.  campestris  pv.  pelargonii,  only  the  1075-bp  fragment  was  examined, 
because  the  amplification  of  the  840-bp  Arp-related  fragment  produced  very  low  DNA 
yield  (Table  4-1).  Uniform  banding  patterns  were  produced  by  the  strains  of  the 
pathovars  of  X.  campestris  pv.  carotae,  X.  campestris  pv.  phaseoli,  and  X.  campestris 
pv.  pruni,  with  the  exception  of  only  one  single  strain  within  each  pathovar  (Table  4-2). 
In  another  study,  nine  strains  of  X.  campesiris  pv,  begoniae  produced  identical  banding 
patterns  for  the  restriction  analysis  of  the  840-bp  Arp-related  fragment  by  using  either 
endonuclease  C/ol,  Hoelll,  Sau3M.  or  Taql  (Fig.  4-10A).  However,  the  restriction 
analysis  of  the  1 ,075-bp  fragment  with  the  endonucleases  C/ol  or  HaelU  revealed 
variability  in  the  banding  pattern  for  strains  X28 1 and  X610  ofX.  campesiris  pv. 
begoniae  (Fig.  4- 1 OB).  The  restriction  analysis  of  this  Arp-related  fragments  with  the 
endonucleases  Sau3  AI  and  Taql  revealed  that  banding  patterns  were  identical  for  all 
nine  strains  of  this  pathovar  (Table  4-2). 

In  contrast,  large  variability  was  found  in  the  restriction  analysis  of  the  Arp- 
related  fiagments  amplified  from  strains  of  several  pathovars  of  X.  campestris.  This 
includes  the  pathovars  ,V.  campesiris  pv.  citri,  A',  campestris  pv.  citnimelo,  X. 

X.  campestris  pv.  vesicaloria,  and  X.  campesiris  pv.  vitians  (Fig.  4-1 1 and  4-12;  Table 
4-2).  Strains  of  the  citrus  pathogen  X.  campesiris  pv.  citnimelo  were  the  most 

profile  groups  based  on  the  restriction  analysis  of  the  two  Arprclated  sequences 
(Chapter  6;  Table  4-2).  On  the  other  hand,  strains  of  the  pathovars  X.  campestris  pv. 
citri,  X.  campestris  pv.  dieffenbachiae,  and  X.  campesiris  pv.  vesicatoria  produced 
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Fig.  4-10.  Restriction  analysis  of  the  (A)  840  bp  and  (B)  1,075  bp  DNA  fragments  of 
the  hrp  gene  cluster  amplified  from  strains  of  Xanthomonas  campestris  pv.  begoniae 
and  restricted  with  HaeUl  (Lanes  2 to  10)  and  Cfo I (Lancs  12  to  20).  Lanes  1 and  1 1 , 
phage  1.  restricted  with  Ps! I.  Lanes  2 and  12,  X274;  3 and  13,  X281;  4 and  14,  X329;  5 
and  15,  X610;  6 and  16,  X627;  7 and  17,  X1490;  8 and  18,  X1492;  9 and  19,  X1496; 

10  and  20,  XCB9.  Molecular  sizes  are  given  in  bases. 


88 


Fig.  4-11.  Restriction  analysis  ofthe  (A)  840  bp  and  (B)  1,075  bp  DNA  fragments  of 
the  hrp  gene  cluster  amplified  from  strains  of  Xanthomonas  campestris  pv. 
dieffcnbachiae  and  restricted  with  Hae HI.  Lanes  M,  phage  X restricted  with  Psll. 
Lanes  1,  X422;  2,  X757;  3,  X790;  4,  X1272;  5,  X260;  6,  X763;  7,  X736;  8,  X738;  9, 
X745;  10,  X729.  Molecular  sizes  are  given  in  bases. 
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Fig.4-12.  Restriction  analysis  of  the  1,075  bp  DNA  fragments  of  the  hrp  gene  cluster 
amplified  from  strains  of  Xanlhomonas  campeslris  pv.  fici  (Lanes  1 to  5)  and 
Xanlhomonas  campeslris  pv.  poinsettiicola  (Lanes  6 to  10)  and  restricted  with  Taql . 
Lane  M,  phage  X restricted  with  Psll.  Lancs  1,  X125;  2,  X151;  3,  X208;  4,  X212;  5, 
X702;  6,  X87;  7,  X202;  8,  X352;  9, 071-424;  10,  X.  campeslris  pv.  vesicatoria  75-3. 
Molecular  sizes  are  given  in  bases. 
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distinct  restriction  patterns  that  corresponded  to  the  grouping  established  previously  on 
the  basis  of  pathogenic  features  (Fig.  4-1 1;  Table  4-2).  For  instance,  the  strains  of  X. 
campestris  pv.  citri  of  the  citrus  canker  groups  A.  B,  and  C each  produced 
characteristic  restriction  patterns  for  all  the  different  combinations  of  fragment- 
restriction  endonuclease  tested  (Chapter  6;  Table  4-2).  Similarly,  strains  of  AT. 

banding  patterns  (Table  4-2).  The  two  groups  ofX  campestris  pv,  vesicatoria  could  be 
differentiated  by  any  combination  hrp  fragment/restriction  endonuclease  (Table  4-2). 
Strains  of  X.  campestris  pv.  dieffenbachiae  that  cause  diseases  in  plants  of  the  family 
Araceac  also  produced  characteristic  restriction  patterns  (Fig.  4-11;  Table  4-2).  Among 
the  strains  of  A!  campestris  pv.  dieffenbachiae.  three  RFLP  groups  were  established  on 
the  basis  of  restriction  analysis  of  the  hrp  related  fragments  that  corresponded  to  the 
host  of  origin.  The  strains  X422.  X790,  X757.  and  X1272  were  isolated  from 
Anthurium  sp„  strains  X260  and  X763  were  isolated  from  Syngonium  sp„  and  strains 
X736.  X738,  X739.  and  X745  were  isolated  from  Xanthosoma  sigittifoiium  (Table  4- 
2).  Further,  the  strains  from  Anthurium  sp.  could  be  distinguished  from  the  A*. 
sigittifoiium  strains  only  by  comparison  of  the  1 ,075-bp  fragment  restricted  with  the 
endonuclease  ,SVm3AI  (Table  4-2). 

for  both  hrp-rclatcd  fragments  (Fig.  4-1 2;  Table  4-2).  Further,  sequence  variability  was 
also  observed  within  the  groups,  particularly  for  the  A!  campestris  pv.  fici  group  A 
(Table  4-2).  However,  the  banding  patterns  obtained  for  the  three  strains  of  this  group 
were  very  similar  and  they  have  several  bands  in  common  (Fig.  4-12;  Table  4-2).  The 
most  striking  feature  of  these  two  pathovars  is  the  similarity  of  the  restriction  banding 


patterns  between  X.  campeslris  pv.  fici  group  A and  X.  campestris  pv.  poinsettiicola 
group  A,  and  between  X.  campeslris  pv.  fici  group  B and  X.  campestris  pv. 
poinsettiicola  group  B (Fig.  4-12;  Table  4-2).  Further,  the  restriction  pattern  for  both 
fragments  amplified  from  strain  XUS  of  X.  campeslris  pv.  fici  group  A were  identical 
to  the  ones  of  the  strains  of  X.  campeslris  pv.  poinsettiicola  group  A for  all 
combinations  of  Arp-related  fragments  and  restriction  endonucleases  (Fig.  4-12  and 
Table  4-2). 


Several  methods  have  been  examined  for  tile  differentiation  of  plant  pathogenic 
xanthomonads  with  different  degrees  of  success.  In  the  present  study,  the  technique  of 
enzymatic  amplification  and  analysis  of  specific  regions  of  the  bacterial  genome  was 
evaluated  for  the  differentiation  and  identification  of  plant  pathogenic  xanthomonads. 
Unlike  other  studies  where  random  and  less  stable  regions  of  the  bacterial  genome  were 
used  (Garde  and  Bender,  1991;  Gilbertson  cl  al.,  1989;  Hartung,  1992;  Hartung  ct  al., 
1993;  Lazo  and  Gabriel,  1987;  Lazo  el  al.,  1987),  I analyzed  sequences  of  the  bacterial 
genome  related  to  the  hrp  gene  cluster  of  A'  campeslris  pv.  vesicatoria.  Although  this 
region  of  the  bacterial  chromosome  seems  to  be  highly  conserved  among  the  plant 
pathogenic  xanthomonads,  nonpathogenic  xanthomonads  lack  similarity  to  the  hrp 
genes  (Bonasetal.,  1991;  Stall  and  Minsavage,  1990).  This  is  certainly  a major 
advantage,  because  the  nonpathogenic  xanthomonads  is  of  concern  for  plant  health 
inspection  in  certification  programs  (Gitaitis  et  al.,  1987, 1992).  From  the  results 
obtained  in  the  present  study  the  DNA  amplification  of  Arp-related  sequences  is  highly 
promising  for  specific  differentiation  and  identification  of  a large  group  of  plant 
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pathogenic  xanthomonads.  DNA  sequences  related  to  the  Arp  genes  were  specifically 
amplified  from  bacterial  strains  representing  X.  fragariae  and  at  least  28  pathovars  of 
X.  campestris . However,  the  Arp-related  sequences  were  not  amplified  from  strains  of 
the  plant  pathogenic  xanthomonads  X.  albilineans,  X.  campestris  pv.  celebensis,  X. 
campeslris  pv.  secalis.  and  X.  campestris  pv.  translucens,  and  from  a few  members  of 
the  pathovars  X.  campestris  pv.  fici,  X.  campestris  pv.  pelargonii,  X.  campestris  pv. 
phaseoli,  X.  campestris  pv.  poinscltiicola,  and  X.  campeslris  pv.  pruni.  Strains  of  these 
xanthomonads  may  not  be  highly  related  genetically  to  the  other  pathovars  ofX. 
campeslris  included  in  the  study  as  determined  by  DNA  homology  studies  (Hildebrand 
et  al„  1 990;  Pallcroni  etal.,  1993;  Vautcrin  cl  al.,  1 993)  and  by  the  failure  to  hybridize 
strongly  to  the  hrp  clones  of  X.  campeslris  pv.  vesicatoria  (Chapter  3;  Bonas  ct  al., 

1 99 1 ; Stall  and  Minsavage.  1 990).  These  results  support  the  contention  of  the  presence 
of  differences  in  the  DNA  sequences  of  Xanthomonas  corresponding  to  one  or  both 
primers  used. 

Although,  no  size  variation  was  observed  for  the  Arp-related  fragments 
amplified  from  different  plant  pathogenic  xanthomonads,  the  restriction  analysis  of 
these  fragments  revealed  the  presence  of  sequence  variation.  Fragment  length 
polymorphisms  in  the  Arp  regions  were  further  explored  for  differentiation  of  the 
different  groups  of  plant  pathogenic  xanthomonads.  The  restriction  banding  profile 
established  for  the  two  Arp-related  fragments  digested  with  four  endonucleases  ranged 
from  7 to  25  different  profiles  though  only  a very  few  groups  of  xanthomonads,  i.e.  X 
campestris  pv.  holcicola.  X.  campestris  pv.  vesicatoria  group  B,  and  X.  fragariae, 
produced  unique  restriction  banding  profiles  (Table  4-2).  This  was  somewhat  expected 
because  these  three  groups  of  xanthomonads  seem  to  be  genetically  unique  (Hildebrand 
etal.,  1990;  Pallcroni  etal.,  1993;  Vauterin  et  al.,  1993).  For  example,  X.  campestris 
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pv.  vesicatoria  group  B is  genetically  and  phenotypically  very  distinct  from  X 
campestris  pv.  vesicatoria  group  A,  although  both  groups  are  presently  lumped  into  the 
same  pathovar  and  cause  similar  disease  symptoms  on  solanaceous  plants  (Stall  ct  al., 

1 994).  These  two  groups  of  strains  have  different  genetic  backgrounds  and  they  are 
only  about  33%  similar  on  the  basis  of  DNA  homology  (Stall  etal.,  1994).  On  the 
other  hand,  the  majority  of  the  plant  pathogenic  xnnthomonads  produced  restriction 
banding  patterns  that  were  shared  by  strains  of  different  groups  or  pathovars  ofX 
campestris.  Furthermore,  different  restriction  profiles  may  have  DNA  bands  in 

different  taxa  strongly  supports  the  presence  of  some  degree  of  genetic  relatedncss 

Several  pathovars  of  X.  campestris  were  determined  to  be  genetically  very 
closely  related  to  each  other  on  the  basis  of  DNA  homology  (Hildebrand  et  al.,  1990; 
Palleroni  et  al..  1993;  Vautcrin  el  al.,  1993)  and  RFLP  analysis  (Graham  et  al.,  1990; 
Gottwald  et  al..  1991 ; Lazo  et  al..  1987;  Vcrdier  et  al..  1993).  For  example,  the 
pathovars  X.  campestris  pv.  alfalfac,  X.  campestris  pv.  begoniae,  X.  campestris  pv. 
cassavae,  X campestris  pv.  citri,  X.  campestris  pv.  citrumelo,  X.  campestris  pv. 
dieffenbachiae,  X.  campestris  pv.  glycines.  X.  campestris  pv.  malvaccarum,  X. 

"fiiscans",  X.  campestris  pv.  poinsettiicola  group  A,  X.  campestris  pv.  vesicatoria  group 
A,  and  X campestris  pv.  vignicola  belong  to  the  DNA  homology  group  VIII 
established  by  Vauterin  et  al.  (1993)  whereas  the  pathovars  X.  campestris  pv. 

pv.  raphani  belong  to  the  group  XII  (Vautcrin  etal.,  1993).  Similar  grouping  was 
obtained  in  the  phylogenetic  analysis  of  the  restriction  fragment  data  o 
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DNA  sequences  (Chapter  5).  However,  the  restriction  analysis  of  the  two  Arp 


fragments  with  four  restriction  endonucleases  consistently  allowed  the  differentiation 
of  almost  all  the  pathovars  and  groups  of  X campeslris,  even  foi  those  genetically 
closely  related  (Table  4-2).  In  a few  cases  strains  of  different  groups  of  plant 
pathogenic  xanthomonads  could  not  be  distinguished  by  restriction  analysis  of  Arp- 
relatcd  sequence.  These  include  a strain  of  X.  campeslris  pv.  incanae  and  one  of  X. 
campeslris  pv.  carotae  which  were  identical  to  strains  of  X.  campeslris  pv.  campestns; 
a strain  of  X.  campeslris  pv.  phascoli  which  was  identical  to  strains  of  X.  campeslris  pv 
glycines  group  A;  strains  F59  and  F86  of  A",  campeslris  pv.  citrumclo  which  were 
indistinguishable  from  strains  of.Y  campeslris  pv.  pruni;  strain  XI25  of X.  campeslris 
pv.  fici  group  A which  was  identical  to  strains  of.Y  campeslris  pv.  poinsettiicola  group 
A;  strain  XV2  of  X.  campeslris  pv.  vitians  which  was  identical  to  strains  of  X. 
campeslris  pv.  malvacearum;  and  strain  X52  isolated  from  Hibiscus  sp.  was 
indistinguishable  from  strains  of.Y  campeslris  pv.  poinsettiicola  group  B. 

Strains  of  a few  laxa  of  the  plant  pathogenic  xanthomonads  were  homogeneous 
on  the  basis  of  restriction  analysis  of  the  Arp-related  sequences.  Strains  of  X fragariae 
produced  identical  and  almost  unique  restriction  patterns  for  all  combinations  of  Arp- 
related  fragment  and  restriction  endonuclease.  The  genetic  analysis  of  the  Arp-related 
sequences  suggests  that  strains  of  X.  fragariae  may  be  formed  by  a clonal  population 
even  though  the  strains  were  isolated  from  plant  materials  from  different  geographic 
locations.  The  uniformity  of  the  X.  fragariae  population  has  also  been  supported  by 
analysis  of  fatty  acid  composition  (Yang  et  ol..  1993)  and  by  SDS-PAGE  of  proteins 
(Vauterin  et  al„  1991a).  Similarly,  strains  of  some  pathovars  ofX.  campeslris  were 
also  highly  homogeneous  with  regard  to  the  restriction  banding  patterns  of  the  Arp- 
related  fragments,  i.e.  X.  campeslris  pv.  begoniae,  X.  campeslris  pv.  compestris,  X 
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campeslris  pv.  malvaccarum,  and  AT.  campeslris  pv.  pclargonii.  The  population 
stniclure  ofX.  campeslris  pv.  begoniae  and  X.  campeslris  pv.  pelargonii  has  been 
examined  quite  extensively  by  using  different  methods,  such  as  DNA-DNA 
hybridization,  fatty  acid  composition,  and  SDS-PAGE  of  proteins.  Both  pathovars 
seem  to  consist  of  unifoim  groups  of  strains  with  stable  phenotypic  features  and 
characteristic  fatty  acid  and  protein  profiles  (Vautcrin  cl  al„  1990a;  Yang  et  al„  1993). 
In  the  same  way,  X.  campeslris  pv.  malvaccarum  also  seems  to  be  a fairly 
homogeneous  group  of  strains  on  the  basis  of  SDS-PAGE  of  proteins  and  fatty  acid 
analysis  (Vauterin  et  al..  1991a;  Yang  et  al.,  1993),  despite  the  tact  that  this  pathovar 
comprises  a large  number  of  physiological  races  (Brinkcrhoff,  1970).  Although  the 
restriction  analyses  of  the  hep- related  fragments  also  suggest  for  a clonal  population 
structure  mother  pathovars  of  A*,  campeslris , ie.  X.  campeslris  pv.  armoraciae,  X. 
campeslris  pv.  gardneri.  X.  campeslris  pv.  pruni,  and  X.  campeslris  pv.  vignicola,  the 
limited  number  of  strains  tested  docs  not  allow  us  to  make  conchisions  with  certainty. 

In  contrast,  a striking  feature  of  the  different  pathovars  o(X.  campeslris  was  the 
high  degree  of  genetic  variability  in  the  /(//'-related  sequences  for  strains  within 
pathovars.  For  example,  strains  of  X.  campeslris  pv.  citri  were  separated  in  two 
homogeneous  groups  on  the  basis  of  the  restriction  endonuclease  analysis  of  the  hrp- 
rclatcd  sequences.  One  group  comprises  all  strains  that  corresponds  to  the  citrus  canker 
A of  X.  campeslris  pv.  citri  whereas  the  other  group  includes  strains  of  the  citrus  canker 
B and  C forms.  Although  the  citrus  canker  groups  were  established  on  the  basis  of 
pathogenic  specialization  of  the  strains  (Leite,  1990;  Stall  and  Civerolo,  1991)  more 

grouping  of  the  strains  ofX.  campeslris  pv.  citri  (Egel  et  al.,  1991;  Gabriel  et  al.,  1988, 

1 989;  Graham  et  al.,  1 990;  Hanung  and  Civerolo,  1 987).  Strains  of  X.  campeslris  pv. 


dieffenbachiae  also  have  a high  degree  of  genetic  variability.  Strains  of  A’,  campestris 
pv.  dieffenbachiac  produced  very  similar  restriction  patterns  for  all  combinations  of  hrp 
fragmcnts-restriction  endonucleases  and  they  were  divided  in  three  different  groups  of 
restriction  banding  profiles.  Further,  the  strains  were  accurately  identified  to  their  host 
of  origin  based  on  the  restriction  analysis  of  the  hrp  related  fragments.  The  genetic 
heterogeneity  of  the  strains  of.T  campestris  pv.  dieffenbachiac  agrees  with  the 
diversity  determined  on  the  basis  of  pathological  and  physiological  features,  fatty  acid 


sp.  have  been  designated  X.  campestris  pv.  syngonii  (Dickey  and  Zumoff,  1987) 
although  strong  support  has  not  been  obtained  yet  to  place  these  strains  into  a different 
pathovar  (Chase  et  al.,  1992). 

In  the  restriction  analysis  of  the  related  sequences,  the  most  heterogeneous 

pathovar  was  X.  campestris  pv.  citrumclo.  The  seventeen  strains  ofX.  campestris  pv. 
citrumelo  were  separated  into  nine  different  groups  on  the  basis  of  the  restriction 
banding  profiles  (Table  4-2).  However,  the  strains  of  the  highly  aggressive  group  afX. 
campestris  pv.  citrumclo  were  homogeneous  and  comprised  a single  group  (Egel  et  al., 
1991 ).  The  high  uniformity  of  the  strains  of  die  highly  aggressive  group  of  X. 
campestris  pv.  citrumelo  has  also  been  determined  in  studies  of  DNA  homology,  RFLP 
analyses,  fatty  acid  composition,  and  SDS-PAGE  of  proteins  (Chapter  3;  Egel  et  al., 
1991;  Gabriel  cl  al.,  1988, 1 989;  Graham  cl  al.,  1990;  Hartung  and  Civerolo,  1987, 
1989;  Vnulerin  et  al..  1991b).  On  the  other  hand,  the  moderately  and  weakly 
aggressive  strains  of X-  campestris  pv.  citrumelo  are  very  diverse,  and  they  are  likely  to 
determine  the  heterogeneity  of  this  pathovar.  The  diverse  nature  of  the  strains  of  X 


97 

campestris  pv.  citrumelo  has  also  been  reported  previously  (Egel  et  al.,  1991 ; Gabriel 
etal.,  1988, 1989;  Graham  etal.,  1990;  Hartung  and  Civerolo,  1987. 1989). 

The  restriction  banding  profiles  of  some  strains  of  X.  campestris  pv.  citrumelo 
were  very  similar  or  even  identical  to  the  profiles  of  other  pathovars  of  X.  campestris. 
For  instance  the  strains  F59  and  F86  X.  campestris  pv.  citrumelo  have  profiles  for  both 
Arp-related  fragments  identical  to  strains  of  X.  campestris  pv.  pruni  whereas  other 
strains  of  A"  campestris  pv.  citrumelo  were  closely  related  to  strains  of  A',  campestris 
pv.  fici  A.  X.  campestris  pv.  poinsettiicola  A,  and  X.  campestris  pv.  vcsicatoria  A 
(Table  4-2).  The  close  genetic  relatedncss  of  strains  of  X.  campestris  pv.  citrumelo  to 
other  pathovars  of  AT.  campestris  has  also  been  determined  previously  (Egel  et  al., 

1991;  Gabriel  el  al..  1988, 1989;  Graham  et  al..  1990;  Hartung  and  Civerolo.  1987, 
1989). 

The  A!  campestris  pathovars.  fici.  poinsettiicola.  vcsicatoria,  and  vitians  seem  to 
comprise  of  a very  diverse  group  of  bacteria  (Stall  etal..  1994;  Vauterinet  al..  1991a; 
Yang  et  al..  1993).  Our  results  on  the  genetic  analysis  of  the  Arp-related  sequences  also 
corroborate  the  existence  of  distinct  groups  of  strains  within  these  pathovars.  Further, 
the  grouping  obtained  based  on  the  analysis  of  the  Arp-related  sequences  agrees  very 
closely  with  the  grouping  established  previously  on  the  basis  of  genetic  or  phenotypic 
features  or  both.  For  example,  strains  of  A!  campestris  pv.  vesicatoria  were  grouped 
into  two  distinct  groups  based  on  the  restriction  banding  profile  of  the  Arp-related 
sequences  (Table  4-2).  The  groups  established  based  on  the  Arp-related  analysis  arc 
genetically  highly  uniform  and  they  correspond  to  the  previous  existing  groups  A and 
B of  X.  campestris  pv.  vesicatoria  (Stall  et  al..  1994).  On  the  other  hand,  the  pathovars 
fici  and  poinsettiicola  have  a more  complex  picture.  Strains  of  both  pathovars  were 
also  divided  into  two  distinct  RFLP  groups.  Further,  the  group  A of  A",  campestris  pv. 
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fici  is  genetically  closely  related  to  group  A of  X.  campestris  pv.  poinscttncola  whereas 
the  B group  of -K  campestris  pv.  fici  is  also  genetically  closely  related  to  group  B of  X. 
campestris  pv.  poinsettiicola.  The  diversity  within  the  pathovars  X.  campestris  pv.  fici 
and  A",  campestris  pv.  poinsettiicola  has  also  been  supported  by  tatty  acid  analysis 
(Nancy  C.  Hodge,  personal  communication). 

The  genetic  diversity  of  strains  within  pathovars  of  X.  campestris  is  not 
surprising.  The  classification  of  plant  pathogenic  bacteria  at  pathovar  level  was  not 
based  initially  on  the  genetics  or  other  intrinsic  characteristics  of  the  organism  but 
rather  on  the  host  from  which  the  bacteria  were  isolated  (Bradbury,  1984;  Dye  et  al„ 
1980).  Furthermore,  comprehensive  studies  on  the  genetics  and  phenotypic 
characteristics  have  supported  the  existence  of  a high  degree  of  diversity  among  strains 
of  a given  group  of  plant  pathogenic  xanthomonads  that  cause  diseases  in  the  same 
host.  Therefore,  the  plant  pathogenic  xanthomonads  comprise  a very  complex  group  of 
bacteria  that  might  not  be  easily  distinguished.  The  genetic  analysis  of  the  Arp-related 
sequences  seems  to  be  a very  useful  tool  for  differentiation  of  pathovars  and  pathogenic 
groups  of  plant  pathogenic  xanthomonads.  Furthermore,  the  diversity  or  uniformity  of 
the  different  taxa  of  xanthomonads  assessed  on  the  basis  of  restriction  analysis  of  hrp- 
related  sequences  apparently  agrees  very  closely  with  the  existing  groups  established 
by  using  other  methods.  However,  the  restriction  banding  profiles  generated  for  the 
Arp-related  fragments  may  be  an  easier  and  more  discriminating  approach  for 
identification  of  plant  pathogenic  xanthomonads,  compared  to  other  methods  such  as 
genomic  fingerprinting  or  RFLP  analysis  by  using  random  or  specific  DNA  probes. 
DNA  fingerprinting  by  digestion  of  the  entire  bacterial  genome  with  restriction 
endonuclease  usually  produces  very  complex  patterns  that  arc  difficult  to  interpret 
(Graham  and  Cooksey,  1989;  Hartung  and  Civerolo,  1987;  Vauterin  et  al.,  1993) 


whereas  RFLP  analysis  using  DNA  probes  requires  hybridization  techniques.  More 

other  groups  of  plant  pathogenic  xanthomonads.  Furthermore,  DNA-DNA 

established  based  on  such  a small  region  of  the  bacterial  genome  as  the  hrp  gene 
cluster.  The  restriction  data  may  also  be  useful  to  establish  the  genetic  evolutionary 
relationship  of  the  hrp  genes  among  the  different  plant  pathogenic  xanthomonads. 


CHAPTERS 

PHYLOGENETIC  ANALYSIS  PLANT  PATHOGENIC  Xanthomonas 
BASED  ON  DNA  SEQUENCES  RELATED  TO  THE  hrp  GENES 

The  genus  Xanthomonas  Dowson  1939  includes  bacteria  that  occur  worldwide 
and  cause  economically  important  diseases  on  many  plants.  The  host  range  of  the 
xanthomonads  spans  over  392  mono  and  dicotyledonous  plant  species  (Hayward.  1993; 
Leyns  et  al.,  1 984).  X.  campcstris  is  ceriainly  the  most  complex  species  among  the 

pathovars  (Bradbury,  1984;  Dye  etal..  1980;  Hayward,  1993).  The  classification  of  the 
plant  pathogenic  xanthomonads  has  been  based  largely  on  the  capability  of  the  bacterial 
strain  to  cause  a characteristic  disease  (Bradbury,  1984;  Dye  et  al.,  1980;  Vauterin  el 
al„  1990a;  Young  et  al.,  1992).  Consequently,  bacteria  with  features  different  from 
pathogenicity  may  be  classified  under  the  same  taxonomic  unit.  On  the  other  hand, 
genetically  similar  bacteria  may  be  placed  in  different  taxa  because  they  cause  diseases 
on  different  plants. 

The  establishment  of  relationships  among  the  different  pathovars  and  species  of 

fatty  acid,  and  protein  profiling  (Chase  et  al..  1992;  Hildebrand  et  al..  1993;  Hodge  et 
al.,  1992;  Van  den  Mooter  and  Swings,  1990;  Vauterin  etal..  1991b),  and  nucleic  acid 
analyses  (Hildebrand  et  al.,  1990;  Palleroni  et  al„  1993;  Vauterin  et  al..  1993). 

Although  the  pathovars  of  X.  campcstris  have  almost  identical  biochemical  and 
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exist  among  the  strains  of  X.  campestris  as  demonstrated  by  protein  and  fatty  acid 
profiles  (Vautcrin  et  al„  1991a;  Yang  etal.,  1993).  Further,  genetic  analyses  of  the 
xanthomonads  by  DNA-DNA  hybridization  has  revealed  a diverse  genetic  background 
(Hildebrand  et  al„  1990;  Palleroni  et  al„  1993;  Vauterin  et  al„  1992). 

genomic  region  that  contains  genes  (hip)  for  the  hypersensitive  and  pathogenic 
reactions  on  plants.  This  Arp  gene  cluster  is  required  for  plant  pathogens  to  cause 
disease  on  susceptible  hosts  and  hypersensitive  reaction  (HR)  on  resistant,  or  on 
nonhost  plants  (Willis  et  al.,  1991).  Besides  the  xanthomonads,  the  Arp  genes  have 
also  been  found  in  other  Gram  negative  plant  pathogenic  bacteria  of  the  genera  Erwinia 
(Beer  et  al.,  1 99 1 ) and  Pseudomonas  (Boucher  et  al.,  1 987;  Huang  el  al.,  1 990; 
Lindgren  et  al„  1986).  Furthermore,  the  Arp  genes  seem  to  be  highly  conserved  among 
different  bacteria  at  the  structural  and  functional  levels  (Fenselau  et  al..  1992;  Gough  et 
al.,  1992;  Hwang  et  al.,  1992).  The  Arp  genes  of  plant  pathogenic  bacteria  are  also 

pathogens  of  animals  (Fenselau  etal.,  1992;  Gough  etal.,  1992).  On  the  other  hand, 

similar  to  the  Arp  genes  sequence  (Chapter  3;  Bonas  el  al.,  1991;  Lindgren  et  al.,  1 986; 
Stall  and  Minsavagc,  1990). 

Conservation  of  the  Arp  genes  at  the  structural  and  functional  level  among 
different  plant  pathogenic  xanthomonads  is  well  documented.  The  Arp  genes  are 

been  identified  (Kamoun  and  Kado,  1990;  Kamoun  et  al.,  1992).  Southern 
hybridization  analyses  using  the  Arp  genes  of  Xanlhomonas  campestris  pv.  vesicatoria 


102 

as  probes  revealed  the  presence  of  sequence  similarity  in  the  genomic  DNA  of  several 
pathovars  of X.  campeslris  and  related  species  of Xanlhumonas  (Chapter  3;  Bonos  et 
al„  1991;  Stall  and  Minsavage.  1990).  Further,  the  hrp  genes  of  the  xanlhomonads 
seem  to  hybridize  to  genomic  DNA  of  P solanacearum  when  low  stringency 
conditions  are  used  (Arlat  et  al.,  1991 ; Boucher  ct  al.,  1987).  The  hrp  gene  clusters  of 
the  xanthomonads  are  also  functionally  interchangeable.  Heterologous 
complementation  of  the  hrp  genes  has  been  achieved  for  several  pathovars  of  X. 
campeslris  (Chapter  3;  Arlat  et  al„  1991;  Bonasetal.,  1991).  Despite  all  the 
information  accumulated  regarding  the  hrp  genes,  little  is  known  about  the 
evolutionary  relationship  among  the  hrp  genes  of  the  xanthomonads. 

Inferences  of  the  relationships  of  hrp  genes  of  the  plant  pathogenic 
xanthomonads  based  on  molecular  phylogeny  would  certainly  improve  the 
understanding  of  the  genetics  of  pathogenicity  of  these  plant  pathogens.  Dissimilar  hrp 
gene  clusters  in  strains  with  relatively  divergent  genetic  background  might  indicate  that 
the  hrp  region  has  coevolved  with  the  rest  of  the  genome  from  a common  bacterial 
ancestor.  On  the  contrary,  similar  hrp  gene  clusters  in  strains  with  relatively  divergent 
genetic  background  might  indicate  a more  recent  horizontal  genetic  movement  between 
bacterial  strains.  Alternatively,  variability  in  the  genetic  rclatedncss  between  bacterial 
strains  for  different  regions  of  the  hrp  genes  may  support  the  hypothesis  of  different 
origins  of  the  hrp  genes.  In  this  study,  I examined  the  evolutionary  relationship  of  two 
DNA  sequences  of  the  hrp  genes  front  different  plant  pathogenic  xanthomonads.  DNA 
fragments  of  the  bacterial  genome  related  to  the  hrpB  and  hrpC/D  complementation 
groups  of  the  hrp  gene  cluster  of  X \ campeslris  pv.  vesicatoria  (Chapter  3;  Bonas  et  al., 
1991 ) were  enzymatically  amplified  from  different  plant  pathogenic  xanthomonads  and 


then  digested  with  frequent-cutting  restriction  endonucleases.  The  restriction  fragment 
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data  were  used  to  establish  the  genetic  relationship  of  the  hrp  genes  between  strains  and 
to  infer  the  phytogeny  of  this  region  of  the  bacterial  genome  for  different  plant 
pathogenic  xanthomonads. 


The  bacterial  strains  used  in  this  study  and  their  sources  are  listed  in  appendix 
A.  The  identity  of  the  bacterial  strains  used  here  was  confirmed  by  fatty  acid  analysis 


nutrient  agar  (Becton  Dickinson,  Cockeysville,  MD)  at  28°C,  with  the  exception  of 


(Cameras  de  Echcnique  ct  al„  1985).  Strains  ofX  fragariae  were  cultivated  on 
Wilbrink's  medium  (Koike,  1965). 


Total  genomic  DNA  of  each  strain  was  isolated  by  phenol-chiorofomi 
extraction  and  ethanol  precipitation  essentially  as  described  by  Ausubel  et  al.  (1987). 
The  restriction  endonuclease  analyses  of  the  DNA  fragments  amplified  from  different 
bacterial  strains  were  accomplished  by  using  the  frequently  cutting  endonucleases  Cfo\, 
Hae 111,  .Suu3AI,  and  Taq\  under  the  conditions  specified  by  the  manufacturer 
(Promega,  Madison,  Wl).  The  restricted  fragments  were  resolved  by  electrophoresis  in 
4%  agarose  gels  (3%  NuSieve  and  1%  SeaKem  GTG  [FMC  BioProducts.  Rockland, 
ME])  in  TAE  buffer  (40  mM  Tris  acctate,  I mM  EDTA,  pH  8.2)  at  8 V/cm. 


Materials  and  Methods 


(N.  C.  Hodge,  personal 
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DNA  amplification 

Two  sets  of  oligonucleotide  primers  selected  from  the  nucleotide  sequence  of 
the  Arp  gene  cluster  of  AT.  campcstris  pv.  vesicatoria  were  used  in  this  study.  Primers 
RST2  plus  RST3  delineated  an  840-bp  fragment  and  RST21  plus  RST22  delineated  a 
1,075-bp  fragment  of  the  complementation  groups  hrpB  and  hrpC/D  afX.  campestris 
pv.  vesicatoria,  respectively  (Chapter  3).  The  primers  were  used  in  polymerase  chain 
reaction  for  specific  amplification  of  homologous  Arp-related  DNA  fragments  from 
different  plant  pathogenic  xanthomonads.  The  reaction  conditions  and  polymerase 
chain  reaction  cycles  were  previously  described  (Chapter  3). 

Data  analysis 

The  electrophoretic  patterns  of  the  Arp-related  DNA  fragments  restricted  with 

for  each  bacterial  strain.  The  codes  0 and  1 were  assigned  accoiding  to  the  absence  or 
presence  of  each  DNA  band,  respectively.  The  genetic  relationship  between  strains 
was  estimated  based  on  the  resulting  matrix  by  determining  the  proportion  of  shared 
DNA  fragments  (F).  The  equation  proposed  by  Nei  and  Li  (1979),  F=  2/1^1  (ns  * ny), 
where  n,y  is  the  number  of  fragments  shared  by  both  strains,  and  nx  and  ny  are  the  total 
number  of  fragments  for  each  strain,  was  used  to  estimate  the  proportion  of  shared 
fragments  (A)  by  using  a computer  program  (Appendix  B)  written  for  the  SAS  system 
(SAS  Institute  Inc.,  Cary.  NC).  The  genetic  divergence  between  strains  was 

basis  of  the  proportion  of  shared  DNA  fragments  (Nei  and  Li,  1979).  The  number  of 
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suggested  by  Nei  and  Li  (1979).  A program  written  for  the  SAS  system  was  used  for 
the  calculations  (Appendix  C). 

The  evolutionary  relationship  among  strains  was  examined  by  using  programs 
from  the  computer  package  PHYUP  (Felsenstein,  1991, 1993).  Phylogenetic  trees 
were  inferred  for  each  of  the  two  hrp  regions  individually  by  using  a parsimony 
criterion  and  a distance  matrix  method.  The  restriction  fragment  data  encoded  0 or  1 
were  used  as  input  for  reconstruction  of  an  unrooted  phylogenetic  tree  by  the  Wagner 
parsimony  criterion  of  the  BOOT  program  (Felsenstein,  1991).  The  strains  G*23  of  A! 
campestris  pv.  holcicola  and  XV56  of  X.  campestris  pv.  vcsicatoria  group  B were  taken 
as  the  outgroups  to  infer  the  topology  of  the  phylogenetic  trees  for  the  hrpC/D  and 

and  the  confidence  intervals  of  the  estimates  of  the  inferred  phylogenetic  trees  were 
determined  by  analyzing  a total  of  100  bootstrap  samples  (Felsenstein,  1985,  1991). 

(UPGMA)  of  phylogenetic  reconstruction  (Nei,  1987)  was  also  applied  to  the  data  for 
reconstruction  of  a rooted  phylogenetic  tree.  The  option  UPGMA  of  the  program 
NEIGHBOR  (Felsenstein,  1993)  was  performed  for  this  analysis.  The  input  data 
consisted  of  the  estimates  of  the  number  of  nucleotide  substitutions  per  site  (6)  between 
strains  determined  by  the  method  developed  by  Nei  and  Li  (1979).  For  both  methods, 


DNA  fragments  related  to  the  hrpB  and  hrpC/D  complementation  groups  of  the 
hrp  genes  of  X.  campestris  pv.  vcsicatoria  were  amplified  from  strains  representing  the 
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species  X.  fragariac  and  29  pathovars  of  X.  campestris  included  in  the  study  (data  not 
shown).  However,  the  amplification  of  the  topfi-relalcd  fragment  from  X.  campestris 
pv.  carotae,  X.  campestris  pv.  gardneri,  X.  campestris  pv.  glycines  B,X  campestris  pv. 
papavericola,  X.  campestris  pv.  pelargonii,  X.  campestris  pv.  vitians  C,  and  a strain  of 
X.  campestris  from  Hibiscus  sp.  usually  produced  low  yield  of  DNA  whereas  no 
amplification  of  this  fragment  was  obtained  from  X.  campestris  pv.  holcicola.  These 
strains  were  not  included  in  the  phylogenetic  analysis  of  the  hrpB  region.  The  top- 
related  fragments  amplified  with  each  set  of  oligonucleotide  primers  from  different 
plant  pathogenic  xanlhomonads  were  of  identical  size. 

Unrooted  parsimony  analyses  were  carried  out  on  100  and  63  restriction 
fragment  data  sets  produced  by  the  digestion  of  the  ItrpC/D-  and  topfl-related 
fragments,  respectively,  with  four  different  frequent-cutting  restriction  endonucleases. 
The  phylogenetic  trees  inferred  for  each  amplified  fragment  are  very  similar  in 
topology  to  each  other  (Fig.  5-1  and  5-2).  Ten  major  eludes  were  identified  in  the 
analysis  of  the  topC/D-related  fragment  amplified  from  the  plant  pathogenic 
xanlhomonads  (Fig.  5-1).  Clades  1, 2, 4, 9,  and  10  include  only  a single  taxon  whereas 
the  remaining  clades  arc  comprised  by  taxa  representing  different  pathovars  ofX. 
campestris  (Fig.  5-1  and  5-2).  Further,  the  members  of  each  clade  can  be  easily 
identified  based  on  the  restriction  banding  profile  of  the  to/it’/Zl-relatcd  fragment 
produced  with  the  endonuclease  Taq\  (Table  5-1).  The  result  of  the  phylogenetic 
analysis  of  the  hrpB  region  is  consistent  with  the  phylogeny  determined  for  the  hrpC/D 
region  with  a few  important  differences.  Tile  clades  3 and  4 which  contain  pathovars 
of  X campestris  that  cause  diseases  on  brassica  plants  merged  in  a larger  single  clade 
whereas  the  single  member  of  clade  9,  X.  campestris  pv.  dieffenbachiae  B,  were  placed 
in  clade  7 (Fig.  5-2).  Another  difference  is  the  shift  of  the  strains  ofX.  campestris  pv. 


Fig.  5-1 , Unrooted  phylogenetic  tree  inferred  from  restriction  analysis  data  of  the 
1 ,075-bp  DNA  fragment  related  to  the  hrpC/D  complementation  group  of  the  hrp  genes 
of  Xanthomonas  campeslrls  pv.  vesicaloria  generated  by  the  Wagner  parsimony 
criterion.  The  values  on  each  node  indicate  the  levels  of  support  derived  from  100 
bootstrapped  trees.  The  shaded  boxes  delineate  the  major  clades  identified  in  the 
analysis  of  the  ArpC/D-related  DNA  fragment.  Also  included  are  the  number  of  strains 
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Fig.  5-2.  Unrooted  phylogenetic  tree  inferred  front  restriction  analysis  data  of  the  840- 
bp  DNA  fragment  related  to  the  hrpB  complementation  group  of  the  hrp  genes  of 
Xanthomonas  campesiris  pv.  vesicatoria  generated  by  the  Wagner  parsimony  criterion. 
The  values  on  each  node  indicate  the  levels  of  support  derived  from  100  bootstrapped 
trees.  The  shaded  boxes  delineate  the  major  clades  identified  in  the  analysis  of  the 
to-pOD-related  DNA  fragment.  Also  included  are  the  number  of  strains  examined  for 
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vignicolo  from  clade  6 lo  cladc  7 in  the  phylogenetic  analyses  of  the  hrpOD  and  hrpB 
regions,  respectively  (Fig.  5-1  and  5-2). 

The  results  of  the  bootstrapped  resampling  analyses  presented  in  the  branches 
of  the  trees  largely  support  the  monophylctic  nature  of  the  major  clades  in  almost  all 
the  cases  (Fig.  5-1  and  5-2).  Further,  the  topology  of  these  trees  reconstructed  by  the 

matrix  approaches  UPGMA  (Fig.  5-3  and  5-4)  and  neighbor-joining  (not  shown). 
Further,  the  UPGMA  analyses  also  indicate  that  the  strains  G-23  of*  campeslris  pv. 
holcicola  and  XV56  of*  campeslris  pv.  vcsicatoria  group  B taken  to  infer  the 
topology  of  the  unrooted  parsimony  trees  for  the  hrpC/D  and  hrpB  regions, 
respectively,  were  appropriate  outgroups  because  they  were  basal  lo  the  remainder  of 
Xanthomonas  spp.  included  in  this  study  (Fig.  5-3  and  5-4). 

The  present  phylogenetic  framework  supports  the  monophylctic  nature  of  the 
hrp  gene  sequences  of  plant  pathogenic  xanlhomonads  that  belongs  to  different 
pathovars  of  * campeslris  and  cause  diseases  in  different  hosts.  For  instance,  clade  6 
comprises  the  pathovars  * campeslris  pv.  oitri,  * campeslris  pv.  bilvae,  * campeslris 

campeslris  pv.  phascoli  'Tuscans",  and  * campeslris  pv.  vitians  B (Fig.  5-1  and  5-2). 
Although  these  pathogens  cause  diseases  on  different  plants,  there  is  strong  agreement 
in  the  parsimony  analyses  to  indicate  a common  bacterial  ancestor  for  both  hrp  genes 
regions  of  these  pathovars.  The  bootstrap  resampling  analyses  support  the  branching  of 
this  clade  at  78%  and  94%  for  the  hrpC/D  and  hrpB  regions,  respectively  (Fig.  5-1  and 
5-2).  The  estimates  of  the  similarity  between  hrp  genes  for  each  region  also  indicates  a 

similarity  of  the  hrp  genes  region  within  clade  6 ranged  from  0.65  to  1 .00  and  from 


eludes 


Genetic  distance 
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0.53  to  1 .00  for  the  hrpCVD  and  hrpB  regions,  respectively  (Table  5-1 ).  Similarly,  the 
clades  3, 5. 7,  and  8 also  contain  pathovars  of  X.  campeslris  that  cause  diseases  on 
different  plants  but  are  genetically  very  closely  related  regarding  the  hrp  genes  for  both 
regions  examined  (Table  5-1).  The  bootstrap  resampling  analyses  further  substantiate 
the  monophylctic  nature  of  the  gene  cluster  for  these  clades  (Fig.  5-1  and  5-2). 

On  the  contrary,  the  inferred  phylogenetic  analysis  also  indicates  that  strains 
which  arc  classified  under  the  same  pathovar,  because  they  cause  similar  diseases  on 
the  same  host  plants,  may  have  very  distinct  hrp  sequences.  X.  campeslris  pv. 
vesicatoria  that  causes  disease  on  solanaceous  plants  is  known  to  contain  at  least  two 
diverse  groups  of  strains  (Stall  et  al.,  1994).  The  two  groups  of  this  pathovar  also  show 
distinct  hrp  gene  sequences  (Fig.  5-1  and  5-2).  Strains  oCX.  campeslris  pv.  vesicatoria 
B comprise  the  sole  taxon  of  the  clade  1 whereas  the  strains  of  X.  campeslris  pv. 
vesicatoria  A belong  to  the  clade  7 (Fig.  5-1  and  5-2).  The  clade  7 is  the  largest  one 
and  includes  several  pathovars  of.T.  campeslris  (Fig.  5-1  and  5-2).  The  placement  of 
the  two  groups  of  X.  campeslris  pv.  vesicatoria  in  two  distant  and  distinct  clades  arc 
further  supported  by  the  bootstrap  resampling  analysis  (Fig.  5-1  and  5-2).  The 
estimated  similarity  between  the  two  groups  of  X campeslris  pv.  vesicatoria  in  relation 
to  the  hrp  regions  ranged  from  0.33  to  0.38  and  from  0.50  to  0.5 1 for  the  hrpC/D  and 
hrpB  regions,  respectively.  In  addition,  the  three  subgroups  identified  in  X.  campeslris 
pv.  vesicatoria  A arc  monophyletic  and  genetically  closely  related  for  both  hrp  gene 
regions  (Fig.  5-1  and  5-2).  Several  other  pathovars  ofX  campeslris  accommodate 
groups  of  strains  with  very  diverse  hrp  genes,  i.e.  X.  campeslris  pv.  fici,  X.  campeslris 
pv.  glycines.  X.  campeslris  pv.  phaseoli,  X.  campeslris  pv.  poinscttiicola,  and  X. 
campeslris  pv.  vitians(Fig.  5-1  and  5-2;  Table  5-2). 
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Table  5-1.  Wilhin  ciadc  similarity  values  generated  by  comparison  of  the  restriction 
profiles  obtained  by  digestion  of  the  Arp-related  fragments  amplified  from  plant 
pathogenic  Xanthonwnas  spp.  with  restriction  endonuclease  enzymes. 


Clade3  Taql  Number  of  taxa  in  the  Similarity  within  clade 

group1’  eladec 

hrpB  hrpC/D  hrpB  hrpCJD 


10  0.96-1.00*  0.78-1.0 

2 0.96  1.00 

4 0.87f  0.77-1.00 

11  053-1.00  0.65-1.00 

20  0.77-0.78  0.67-1.00 

9 0.84-1.00  0.64-0.96 


10  11  nag 


“Clade  established  on  the  basis  of  the  phylogenetic  analysis  of  the  restriction  fragment 
data  of  the  1 .075-bp  fragment  related  to  the  hrpC/D  region  of  the  hrp  genes  of  X. 
campeslris  pv.  vcsicaloria. 

bGroup  established  based  on  the  restriction  profile  of  the  1 . 075-bp  fragment  related  to 
the  hrpC/D  region  of  the  hrp  genes  of  X.  campeslris  pv.  vesicatoria  restricted  with  the 
endonuclease  Taql  (see  Chapter  4). 

“Number  of  taxa  determined  based  on  the  phylogenetic  analysis  of  each  hrp  region 
individually. 

dValues  are  the  similarities  estimated  by  using  the  equation  proposed  by  Nei  and  Li 
(1979)  for  each  Arp-related  fragment  restricted  with  either  endonuclease  Cfol,  HaelU, 
Sau3  Al,  and  Taql. 

“Only  three  taxa  were  compared, 
fOnly  two  taxa  were  compared, 
g na,  not  applicable. 
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Another  evolutionary  relationship  revealed  by  the  phylogenetic  analysis  of  the 
hrp  genes  of  the  xanthomonads  is  the  variability  in  the  telaledness  between  strains 
depending  on  the  hrp  region  examined.  For  example.  X.  campestris  pv.  vignicola 
clustered  in  clade  6 in  the  phylogenetic  analysis  for  the  hrpOD  region  (Fig.  5-1 ),  and 
the  value  of  78%  for  the  bootstrap  resampling  supports  the  monophylctic  nature  of  the 
hrp  region  for  this  clade  (Fig.  5-1).  Further,  similarity  indices  for  the  different 
pathovais  within  this  clade  ranged  from  0.67  to  1 .00  (Tables  5-1).  In  comparison,  the 
similarity  of  X.  campestris  pv.  vignicola  to  the  members  of  clade  7 ranged  from  0.42  to 
0.69  (Table  5-2  and  5-3).  On  the  other  hand,  the  strains  X.  campestris  pv.  vignicola 
were  placed  into  clade  7 in  the  phylogenetic  analysis  of  the  hrpB  region  (Fig.  5-2),  and 
this  was  strongly  supported  by  the  bootstrap  resampling  with  a value  of  84%  of  the 
bootstrapped  trees  (Fig.  5-2).  The  genetic  relatedness  of  X.  campestris  pv.  vignicola  to 
the  other  members  of  the  clade  7 ranged  from  0.76  to  0.94  for  the  hrpB  region  whereas 
the  similarity  of  this  region  between  X.  campestris  pv.  vignicola  strains  and  the 
members  of  the  clade  6 ranged  from  0.53  to  0.61  (Table  5-3). 

Strains  of  A'  campestris  pv.  raphani  also  comprise  an  unique  case.  The 
phylogenetic  analysis  of  the  hrpC/D-K\Me&  region  of  X.  campestris  pv.  raphani 
revealed  that  the  two  closely  related  groups  were  placed  in  clade  4 (Fig.  5- 1 ).  The 
bootstrap  resampling  analysis  also  supports  100%  the  monophyletic  nature  of  this  clade 
(Fig.  5-1).  The  genetic  similarity  of  the  strains  in  clade  4 to  strains  of  clade  3 which 
contains  the  other  brassica  pathogens  i.e.  X.  campestris  pv.  armoraciae,  X campestris 
pv.  campestris,  and  X.  campestris  pv.  incanae  ranged  from  0.41  to  0.50  (Table  5-2).  In 
contrast,  the  analysis  of  the  hrpB  region  showed  that  the  hrp  region  for  the  strains  ofX. 
campestris  pv.  raphani  and  strains  of  the  other  three  pathovars  of  X.  campestris  are 
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Table  5-3  Similarity  values  between  Xanthomonas  campestris  pv.  vignicola  and 
selected  members  of  the  clades  6 and  7 generated  by  comparison  of  the  endonuclease 
profiles  of  the  DNA  fragments  related  to  the  hrpB  and  hrpC/D  complementation 
groups  of  the  hrp  genes  of  X.  campestris  pv.  vcsicatoria. 


Similarity  of  the  top-related  sequences  of 
X.  campestris  pv.  vignicola 


Cladc  6a 


X.  campestris 
pv.  bilvae 


glycines  A 
malvacearum 
phaseoli  'Tuscans" 
vitians  B 


Clade  7 
X campestris 
pv,  alfalfae 
pv.  citrumclo 

pv.  poinscttiicola  A 
pv.  vesicatoria  A 


hrpB 


hrpC/D 


0.61 b 0.71 
0.53  0.75 
0.58  0.75 
0.59  0.67 
0.58  0.83 
0.59  0.67 


0.94 


•Clade  established  on  the  basis  of  the  phylogenetic  analysis  of  the  restriction  fragment 
data  of  the  1 ,075-bp  fragment  related  to  the  hrpC/D  region  of  the  hrp  genes  ofX 
campestris  pv.  vesicatoria. 

bValucs  arc  the  similarities  estimated  by  the  equation  proposed  by  Nei  and  Li  (1979) 
for  each  top-related  fragment  restricted  with  cither  endonuclease  C/ol,  Hae  HI,  Sau3AI, 
and  Taql. 
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highly  related  and  they  are  monophyletic  in  the  phylogenetic  analysis  with  bootstrap 
resampling  value  of  80%  (Fig.  5-2) . Further,  the  similarity  index  between  members  of 
the  cladcs  3 and  4 ranged  from  0.96  to  1 .00  for  the  hrpB  region  (Table  5-2). 


The  phylogenetic  analysis  of  the  hrp  genes  of  the  xanthomonads  has  revealed  a 
diverse  evolutionary  relationship  for  this  region  of  the  bacterial  genome  of  these  plant 
pathogens.  The  hypothesis  of  coevolution  of  the  hrp  region  with  the  rest  of  the  genome 
from  a common  bacterial  ancestor  is  supported  by  comparison  of  cither  closely  or 
distantly  related  plant  pathogenic  xanthomonads.  For  instance,  the  similarity  of  the 
two  hrp  regions  examined  in  this  study  for  the  groups  A and  B of  X campestris  pv. 
vesicatoria  was  less  than  0.51.  This  genetic  divergence  determined  for  these  two 
groups  of  A!  campestris  pv.  vesicatoria  is  very  similar  to  the  values  obtained  when  the 
entire  genome  was  compared  on  the  basis  of  DNA  homology  (Stall  ctal.,  1994). 
Although  these  pathogens  cause  similar  diseases  on  solanaccous  plants,  their  hrp  genes 
are  genetically  diverse  at  about  the  same  extend  as  the  rest  of  the  genome.  Moreover, 
these  comparisons  do  not  support  the  contention  that  there  was  a higher  selective 
pressure  for  the  hrp  sequences  than  for  other  regions  of  the  genome  nor  that  a 
horizontal  movement  of  the  hrp  region  of  the  genome  may  have  occurred  between 
strains  of  the  two  groups  of  X campestris  pv.  vesicatoria.  Despite  the  genetic  distance, 
the  hrp  genes  of  these  two  groups  of  X.  campestris  pv.  vesicatoria  are  functionally 
complementary  (Chapter  3).  Similarly,  the  citrus  pathogens  A:  campestris  pv.  citri  and 
X,  campestris  pv.  citrumeio  also  cause  diseases  on  the  same  hosts  though  they  are 
genetically  distinct  (Egel  et  al.,  1991 ; Gabriel  et  al..  1989;  Vauterin  et  al„  1991a).  The 
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analysis  of  the  Arp  genes  revealed  Ihe  same  level  of  relalcdness  found  when  the  entire 
genome  were  compared.  Whereas  the  estimates  of  the  similarity  for  the  two  regions  of 
the  hrp  genes  ranged  from  0.41  to  0.61,  the  DNA-DNA  hybridization  relatcdness 
ranged  from  0.55  to  0.63  (Egel  et  al.,  1991).  In  contrast,  strains  of  AT.  campestris  pv. 
citri  canker  A are  genetically  highly  related  to  strains  of X campestris  pv. 
malvaccarum  based  on  DNA-DNA  hybridization  studies  (Egel  ct  al.,  1991).  The 
analysis  of  the  hrp  genes  also  revealed  a high  similarity  between  these  two  groups  of 
plant  pathogenic  xanthomonads  with  values  ranging  from  0.80  to  0.88  for  both  regions 
of  the  Arp-related  sequences  examined  (Appendix  D).  Further,  these  two  groups  of  X. 
campestris  are  monophyletic  in  regard  to  the  evolution  of  the  hrp  genes  (Fig.  5-1  and 
5-2). 

Additional  evidence  to  support  the  coevolulion  of  the  hrp  genes  and  the  rest  of 
the  bacterial  genome  comes  from  the  pathovars  X.  campestris  pv.  curotae,  X. 
campestris  pv.  gardneri,  and  A*,  campestris  pv.  pelargonii.  Although  these 
xanthomonads  have  very  distinct  host  ranges,  they  are  genetically  closely  related  based 
on  DNA-DNA  hybridization  (Hildebrand  et  al.,  1990;  Palleroni  etal.,  1993).  The 
phylogenetic  analysis  of  the  Arp-related  sequences  also  supports  the  contention  that 
these  pathovars  of  X.  campestris  are  monophyletic  and  genetically  closely  related  in 
regard  to  the  hrp  genes.  The  examples  discussed  above  not  only  point  to  a coevolution 
of  the  Arp  genes  and  the  rest  of  the  genome  from  a common  bacterial  ancestor  for 
certain  plant  pathogenic  xanthomonads,  but  also  substantiate  the  divergence  between 
Arp  genes  and  host  speciation. 

Another  major  Ending  of  this  study  is  the  indication  of  lateral  movement  of  the 
Arp  genes  between  plant  pathogenic  xanthomonads.  This  hypothesis  is  supported  by 
two  lines  of  evidences,  the  presence  of  similar  Arp  gene  cluster  sequences  in  strains 


with  divergent  genetic  background  and  the  variability  in  the  rclatedness  between  strains 
depending  on  the  hrp  region  examined.  Strains  of  X campestris  pv.  vcsicatoria  A 
belong  to  the  same  clade  as  the  strains  of X.  campestris  pv.  citramclo  for  both  hrp 
genes  examined  (Fig.  5-1  and  5-2).  Furthermore,  the  estimated  genetic  relatedness 
between  strains  of  these  two  pathovars  for  the  hrp  genes  regions  ranged  from  about 
0.71  to  0.96  (Appendix  D),  although  these  strains  cause  diseases  on  different  hosts.  On 
the  contrary,  DNA-DNA  hybridization  studies  indicated  that  these  two  pathovars  are 
not  genetically  closely  related  based  on  comparisons  of  the  entire  bacterial  genome 
which  was  compared  (Egel.  1991).  In  feet,  the  rclatedness  between  X.  campestris  pv. 
citramclo  and  X.  campestris  pv.  vcsicatoria  was  about  0.58  which  is  close  to  the 
similarity  determined  between  strains  of  X.  campestris  pv.  citrumelo  and  X campestris 
pv.  citri  discussed  before  (Egel,  1991;  Egel  ct  al.,  1991).  X.  campestris  pv.  citrumelo 
has  been  reported  occurring  only  in  Florida  (Schoulties  et  al.,  1987).  Although  the 
origin  of  these  strains  is  not  very  clear  yet  (Schoulties  et  al.,  1987),  the  strains  of  this 
pathovar  may  have  evolved  from  an  endemic  flora  of  xanthomonads  that  is  present  in 
Florida  (Hartung  and  Civerolo,  1 989).  The  analysis  of  the  hrp  genes  of  the  strains  of  X 
campestris  pv.  citrumelo  revealed  some  degree  of  variability,  but  there  is  strong 
support  for  a monophylelic  relationship  among  them.  Furthermore,  they  are  also 
closely  related  and  monophylelic  in  regard  to  both  regions  of  the  hrp  genes  to  strains  of 
other  pathovars  of X.  campestris.  i.e.  X.  campestris  pv.  alfalfae.  A"  campestris  pv.  fici, 

X . campestris  pv.  poinsettiicola,  X.  campestris  pv.  pruni,  and  X.  campestris  pv. 
vesicaloria  A,  and  the  strain  X198  of  A",  campestris,  which  are  also  endemic  to  the  same 
geographic  area.  A more  extensive  study  of  the  genetic  relationships  among  these 
pathogens  also  including  nonpathogenic  xanthomonads  endemic  to  Florida  may 
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provide  some  important  information  on  the  origin  of  the  strains  of  X campestris  pv. 
citrumelo. 

Stronger  evidence  that  supports  the  contention  of  lateral  movement  of  the  hrp 
genes  among  the  plant  pathogenic  xanthomonads  comes  from  the  variability  in  the 
■■elatedness  between  strains  for  the  two  distinct  hrp  regions  examined  in  this  study.  For 
instance,  the  hrpC/D  region  ofX  campestris  pv.  vignicola  is  phylogcnetically 
monophylctic  and  closely  related  to  the  homologous  hrp  region  of  A".  campestris  pv. 
bilvae,  X campestris  pv.  citri.  X.  campestris  pv.  glycines  A,  X.  campestris  pv. 
malvacearum,  X.  campestris  pv.  phaseoli  B.  X campestris  pv.  phascoli  "fuscans",  and 
X campestris  pv.  vitians  B (Fig.  5-2).  The  hrpB  region  of  A’  campestris  pv.  vignicola 
is  also  monophyletic,  but  it  is  closely  related  to  the  homologous  hrp  region  of  AT. 
campestris  pv.  begoniae,  X.  campestris  pv.  dicffenbachiae.  X.  campestris  pv. 
maculifoliigardeniae,  AT.  campestris  pv.  manihotis,  and  X.  campestris  pv.  phaseoli  A 
(Fig.  5-1  and  5-2).  In  a similar  way,  the  Ar/)C/D-related  region  of  X.  campestris  pv. 
raphani  was  only  0.50  similar  to  the  homologous  region  in  X.  campestris  pv. 
campestris,  X.  campestris  pv.  amtoraciac.  and  X.  campestris  pv.  incanae  (Table  5-2), 
whereas  the  frrpB-rclated  region  was  more  than  0.90  similar  for  the  strains  of  these  two 
groups  (Table  5-2).  Moreover,  functional  heterologous  complementation  of  the  hrp 
genes  has  been  demonstrated  for  different  xanthomonads  (Chapter  3;  Arlat  et  al„  1991; 
Bonasetal.,  1991).  Since  there  is  no  genetic  and  functional  support  regarding 
selection  pressure  in  relation  to  the  hrp  genes  among  the  plant  pathogenic 
xanthomonads,  the  most  likely  hypothesis  to  explain  the  source  of  variability  for  these 
two  regions  of  the  bacterial  genome  of  X campestris  pv.  vignicola  remains  in  the 
origin  of  the  two  hrp  regions  from  distinct  ancestors.  The  variability  in  the  genetic 
relatedness  for  these  two  regions  of  the  hrp  genes  of  X.  campestris  pv.  vignicola 


substantiate  the  conlcnlion  lhal  the  Arp  genes  in  some  of  the  plant  pathogenic 
xanthomonads  may  have  evolved  from  distinct  ancestors  through  lateral  movement  of 
genetic  material. 

An  important  conclusion  from  the  phylogenetic  studies  is  the  divergence 
between  hrp  genes  and  host  specificity.  The  hrp  genes  are  essential  for  the 
development  of  disease  on  compatible  hosts  and  hypersensitive  reaction  on  both 
resistant  host  and  nonhost  plants  (Willis  el  al.,  1991).  Previous  work  has  demonstrated 
the  functional  conservation  of  the  hrp  genes  and  the  lack  of  host  speciation  (Chapter  3; 
Arlatetal.  1991;  Bonasctal.,  1991).  Although  the  Arp  genes  are  necessary  in  the 
plant-pathogen  interaction,  other  factors  in  the  bacterial  pathogen  are  likely  to  be 
involved  in  host  speciation  (Fcnsclau  cl  al„  1992;  Gough  et  al.,  1992).  Our  results 
support  the  coevolution  of  the  Arp  genes  with  the  rest  of  the  bacterial  genome  through  a 
common  bacterial  ancestor.  Also,  there  arc  bases  to  support  the  hypothesis  of 
horizontal  movement  of  the  Arp  genes.  Close  relationship  between  plant  pathogenic 
xanthomonads  with  different  genetic  background  and  variability  in  the  relatedness  of 
different  regions  of  the  Arp  genes  indicate  distinct  origins  for  different  regions  of  the 
Arp  genes,  instead  of  evolution  from  a single  ancestor.  Since  the  lateral  movement  of 
genetic  material  between  bacteria  is  a common  and  important  mechanism  in  bacterial 
evolution  (Krawiec  and  Riley.  1990),  the  coexistence  in  the  same  biological  niche  may 
have  provided  opportunities  for  the  lateral  transfer  of  the  Arp  region  of  the  bacterial 
genome  between  xanthomonads.  The  Arp  are  functionally  conserved  among  the 
xanthomonads  (Chapter  3;  Bonas  et  al.,  1991;  Fcnsclau  etal.,  1992),  this  also  supports 
the  absence  of  functional  selectivity.  The  resemblance  at  the  protein  level  of  the  Arp 
genes  of  the  xanthomonads  with  genes  involved  in  the  secretion  of  pathogenicity 
factors  in  genetically  distant  organisms  such  as  the  animal  pathogens  of  the  genus 
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Yersinia  (Fensclau  el  al„  1992;  Gough  el  al.,  1992)  is  also  intriguing.  If  this  means  a 
convergent  functional  evolution  or  a common  bacterial  ancestry  remains  to  be  clarified. 
Furthermore,  the  phytogeny  of  the  hrp  genes  of  plant  pathogenic  xanthomonads  may 
provide  a framework  and  a rational  basis  through  which  origins  and  differentiation  of 


CHAPTER 6 

GENETIC  ANALYSIS  OF  hrp  RELATED  DNA  SEQUENCES  OF 
Xanthamonas  campeslris  STRAINS  CAUSING  DISEASES  OF 
CITRUS 

Citrus  canker,  caused  by  strains  of  Xanlhomonas  campeslris  pv.  citri  group  A, 

This  disease  is  characterized  by  raised  lesions  on  leaves,  stems,  and  fruits.  Strains  of-Y 

various  degrees  in  all  commercial  citrus  varieties  (Stall  and  Seymour,  1983).  In  severe 
cases,  abscission  of  fruits  and  leaves  may  result  (Civerolo.  1984;  Stall  and  Seymour. 
1983).  Other  xanthomonads  that  cause  similar  symptoms  on  citrus  are  strains  of 
groups  B and  C of  X.  campeslris  pv.  citri.  They  ate  of  less  importance  than  strains  of 
X.  campeslris  pv.  citri  group  A and  have  comparatively  limited  host  ranges.  Citrus 
bacterial  spot  is  another  bacterial  disease  of  citrus  caused  by  a xanthomonad,  and 
symptoms  arc  similar  to  citrus  canker  with  a few  important  differences  (Schoulties  el 
al.,  1987).  The  pathogen,  referred  to  as  X.  campeslris  pv.  citrumelo  (Gabriel  ct  al., 
1989),  causes  flat,  watersoaked  lesions  in  young  leaves.  Strains  of  X,  campeslris  pv. 

hybrids,  such  as  Swingle  citrumelo  (.Citrus  paradisi  X P.  trifoliaia)  (Graham  and 
Gottwald,  1988), 

diseases  of  citrus,  there  is  evidence  for  differences  between  these  pathovars.  In 
addition  to  the  pathogenicity  differences  listed  above,  X.  campeslris  pv.  citrumelo 
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strains  appear  to  be  quite  heterogeneous  both  genetically  (Egcl,  1991;  Egel  et  al„  1991) 
and  in  aggressiveness  (Graham  and  Gotlwald,  1990)  compared  with  X.  campeslris  pv. 
citri.  This  has  resulted  in  questions  about  the  relationship  of  the  bacterial  spot 
pathogen  to  other  pathovars  of  A",  campeslris . Several  xanlhomonads  isolated  from 
ornamental  plants  cause  lesions  similar  to  bacterial  spot  when  artificially  inoculated 
onto  young  citrus  plants  (Graham  and  Gottwald,  1991;Grahametal.,  1990);  they  are 
also  genetically  similar  to  some  strains  of X.  campeslris  pv.  citnimclo  (Egel  et  al„ 

1991 ; Graham  etal.,  1990).  It  was  suggested  that  strains  of  X.  campeslris  pv.  citrumelo 
may  represent  other  pathovars  of X campeslris  incidentally  isolated  from  citrus 
(Graham  et  al..  1 990)  or  strains  of  a xanthomonad  that  has  a wide  host  range  (Gabriel  et 
al.,  1988);  alternatively  it  was  suggested  that  the  most  weakly  aggressive  strains  may 
be  opportunistic  strains  which  cause  symptoms  only  when  associated  with  injury  (Egel. 
1991). 

1991;  Gabriel  etal.,  1988, 1989;  Graham  etal..  1990;  Hartung  and  Civerolo;  1987, 
1989;  Vauterin  et  al.,  1991b)  or  pathogenicity  (Graham  and  Gottwald,  1990;  Graham  et 
al.,  1990)  of  these  strains.  The  genetics  of  pathogenicity,  however,  might  favor  one  of 
the  above  hypotheses.  An  excellent  candidate  for  examination  is  the  hypersensitivity 
reaction  and  pathogenicity  (hrp)  gene  cluster  responsible  for  pathogenicity  reaction  on 
susceptible  hosts  and  a hypersensitive  reaction  on  resistant  hosts  or  on  nonhosts  plants 
(Willis  et  al.,  1991).  The  hrp  gene  cluster  has  been  characterized  in  several  bacterial 
plant  pathogens,  such  as  Pseudomonas  syringae  pv.  phaseolicola  (Lindgren  et  al„ 

1986),  P.  sohnacearum  (Boucher  el  ai„  1987),  Erwinia  amylomra  (Beer  et  al.,  1991), 
and  X.  campeslris  pv.  vesicatoria  (Bonas  et  al.,  1 99 1 ).  The  hrp  gene  cluster  of  X. 
campeslris  pv.  vesicatoria  consists  of  at  least  25  kb  of  genomic  DNA.  and 
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polymorphism  of  restriction  fragments  of  a homologous  DNA  sequence  occurs  among 
pathovars  ofX  campestris  (Bonas  ct  al„  1991 ).  Opportunistic  xanthomonads,  which 
produce  limited  symptoms  in  susceptible  hosts  and  no  hypersensitive  reaction  in 
nonhosts,  do  not  possess  DNA  similar  to  an  hrp  gene  cluster  (Stall  and  Minsavage, 
1990). 

The  genomic  similarity  of  strains  of  X.  campestris  pv.  citrumelo  has  been 
investigated  (Egel  etal.,  1991;  Gabriel  el  al.,  1988, 1989;  Graham  et  al„  1990;  Hartung 
and  Civerolo;  1987, 1989;  Vauterinet  al„  1991b), but  examination  of  the  similarity 
between  hrp  clusters  of  these  strains  adds  information  on  the  comparative  genetics  of 
pathogenicity.  Similar  hrp  gene  clusters  among  strains  with  relatively  divergent 
genetic  backgrounds  might  indicate  a similar  origin  of  pathogenicity,  and  dissimilar 
hrp  gene  clusters  would  support  the  hypothesis  that  many  strains  of  X.  campestris 
involved  in  the  citrus  bacterial  spot  disease  arc  diverse.  The  similarity  of  the  hrp  gene 
in  strains  of  X.  campestris  pv.  citri  and  X.  campestris  pv.  citrumelo  was  investigated  by 
amplifying  and  restricting  two  DNA  fragments  of  the  hrp  complementation  groups  B 
and  C/D  (Chapter  3;  Bonas  el  al.,  1991),  which  are  highly  conserved  among  several 
pathovars  of  A!  campestris  (U.  Bonas,  personal  communication). 


Culture  conditions 

The  strains  of  X.  campestris  used  in  this  study  and  their  sources  are  listed  in 
Appendix  A.  All  strains  had  previously  been  identified  as  members  of  A.  campestris 
by  fatty  acid  analysis  (N,  C.  Hodge,  personal  communication).  Citrus  bacterial  spot 
strains  were  rated  for  pathogenicity  by  Graham  and  Gottwald  ( 1 990)  and  by  Graham  et 
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al.  (1990).  All  strains  were  streaked  onto  nutrient  agar  (Bccton  Dickinson, 
Cockeysville,  MD),  and  single  colonics  were  selected.  Nutrient  broth  cultures  were 
grown  24  hours  on  a rotatory  shaker  ( 1 50  rpm)  at  28°C.  Strains  of  X.  campestris  pv. 
citri  group  B were  grown  on  a sucrose  based  medium  (Canteros  de  Echenique  el  al., 
1985).  Strains  were  stored  on  lima  bean  agar  (Difco.  Detroit,  MI)  for  short  term 
storage  and  in  sterile  tap  water  at  room  temperature  for  long  term  storage. 

DNA  isolation 

The  procedure  described  by  Ausubel  et  al.  (1987),  with  minor  modifications, 
was  used  to  extract  total  genomic  DNA.  Briefly,  bacterial  cells  were  pelleted  by 
centrifuging  in  an  Eppendorf  microcentrifuge  (Brinkmann  Instruments  Inc.,  Westbury, 
NY)  for  2 min  at  16,000  g.  The  pellet  was  washed  in  I ml  of  distilled  water,  pelleted 
again  and  resuspended  in  567  pi  of  TE  buffer  (10  mM  Tris-CI,  pH  8.0;  1 mM  EDTA, 
pH  8.0).  Proteinase  K (Boehringer  Mannheim.  Indianapolis,  IN)  and  sodium  dodecyl 
sulfate  (SDS)  (Sigma,  St.  Louis,  MO)  were  added  for  a final  concentration  of  100  p 
g/ml  and  0.5%,  respectively.  After  incubation  for  I hour  at  37“C,  sodium  chloride  and 

final  concentration  of  0.7  M and  1%,  respectively.  The  preparations  were  incubated  for 
10  min  at  65°C.  DNA  was  extracted  with  chloroform-isoamyl  alcohol  (24:1).  The 
samples  were  hand  shaken  continuously  and  gently  for  10  min  and  centrifuged  for  5 
min  at  16,000  g.  A second  extraction  was  accomplished  by  adding  phenol-chloroform- 
isoamyl  alcohol  (25:24: 1 ) and  centrifuging  as  described  above.  DNA  was  precipitated 
by  adding  0,6  volumes  of  isopropanol  and  incubating  for  30  min  at  -20°C.  The 
samples  were  centrifuged  for  20  min  at  16,000  g.  The  DNA  pellet  obtained  was 
washed  with  1 ml  of  70%  ethanol  and  centrifuged  again.  The  DNA  was  dried  under 
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vacuum  for  20  min  and  ihen  ihe  pellet  was  redissolvcd  in  100  pi  of  TE  and  stored  at 
4°C. 


The  two  sets  of  oligonucleotide  primers  used  in  this  study  were  designed  based 
on  nucleotide  sequences  of  the  hrp  gene  cluster  of  A"  campestris  pv.  vesicatoria  (U. 
Bonas.  personal  communication).  The  two  primcis  RST2  and  RST3  delineate  an  840- 
bp  region  and  primers  RST21  and  RST22  delineate  a 1,075-bp  region  of  the  hrp 
complementation  groups  B and  C/D  of  A",  campesiris  pv.  vesicatoria,  respectively 
(Chapter  3).  Oligonucleotide  primers  were  synthesized  with  a model  394  DNA 
Synthesizer  (Applied  Biosystems,  Foster  City,  CA)  by  the  DNA  Synthesis  Laboratory, 
University  of  Florida,  Gainesville. 

DNA  was  amplified  in  a total  volume  of  50  pi.  The  reaction  mixture  contained 
5 pi  of  10X  buffer  (500  mM  KCI,  100  mM  Tris-CI  [pH  9.0  at  25°C],  1%  Triton  X- 
100),  1.5  mM  MgCl2, 200  pM  of  each  deoxynuclcotide  triphosphate  (Boehringer 
Mannheim).  25  pmol  of  each  primer,  and  2.5  units  of  Taq  polymerase  (Promega. 
Madison.  WI).  The  amount  of  template  DNA  added  was  100  ng  of  purified  total 
bacterial  DNA . The  reaction  mixture  was  covered  with  50  pi  of  light  mineral  oil.  A 
total  of  30  amplification  cycles  were  performed  in  an  automated  thermocycler  (MJ 
Research,  Watertown,  MA).  Each  cycle  consisted  of  30  s of  denaturation  at  95°C,  30  s 
of  annealing  at  62°C,  and  45  s of  extension  at  72°C  for  the  primers  RST2  and  RST3 
and  30  s at  95°C,  4S  s at  61°C  and  1 .5  min  at  72°C,  respectively,  for  the  primers 
RST21  and  RST22.  The  last  extension  step  was  extended  to  5 min. 

Amplified  DNAs  were  detected  by  electrophoresis  in  0.9%  agarose  gels  in  TAE 


buffer  (40  mM  Tris-acetate,  1 mM  EDTA,  pH  8.2)  at  5 V/cm  of  gel  (Sambrook  et  al.. 
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1989.).  After  being  slaincd  with  0.5  pg  of  ethidium  bromide  per  ml.  the  gel  was 
photographed  over  a UV  transilluminator  (Fotodyne  Inc.,  New  Berlin.  WI)  with  type 
55  Polaroid  film  (Polaroid.  Cambridge.  MA). 


The  identity  of  the  amplified  DNA  fragments  was  ftirther  confirmed  by 
hybridization  analysis  with  an  internal  DNA  probe  for  each  fragment.  Samples  were 
clectrophoresed  in  0.7%  agarose  gel  according  to  standard  procedure  (Sambrook  et  al., 
1989.).  The  gel  was  then  denatured  in  0.4  N NaOH  and  0.6  M NaCl  for  30  min  and 
neutralized  for  30  min  in  0.5  M Tris-Cl  and  1 .5  M NaCl,  The  denatured  DNA  was 
transferred  by  the  procedure  of  Southern  (1975)  to  nylon  membrane  (Gene  Screen  Plus, 
Du  Pont,  Boston.  MA).  Hybridization  was  carried  out  at  68°C  with  0.5X  SSC,  and 
0.1%  w/v  SDS.  The  internal  probes  consisted  of  a 271 -bp  insert  of  the  plasmid 
pXV840  for  the  840-bp  fragment  and  a 335-bp  insert  of  the  plasmid  pXVI075  for  the 
1,075-bp  fragment  (Chapter  3;  Appendix  A).  Probes  were  labeled  by  the  random 
primed  (Feinberg  and  Vogelstein.  1983)  incorporation  of  digoxigcnin-labclcd 
deoxyuridine-triphosphatc  (DIG-UTP)  and  detected  by  the  use  of  the  Genius 
Nonradioactive  DNA  Labeling  and  Detection  kit  (Boehringer  Mannheim)  as  specified 


Amplified  DNAs  were  restricted  with  either  endonuclease  Cfol,  Hae in, 
,SVru3Al,  or  Taql  under  conditions  specified  by  the  manufacturer  (Promcga).  The 
restriction  fragments  were  separated  by  electrophoresis  in  4%  agarose  gels  (3% 
NuSieve  GTG  and  1%  Scakem  GTG  (FMC  BioProducts,  Rockland,  ME])  in  TAE 
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buffer  at  8 V/cm.  Phage  X Pst  I restricted  DNA  fragments  were  used  as  molecular 
weight  standards.  After  being  stained  with  0.5  pg  of  ethidium  bromide  per  ml  for  40 
min,  the  gels  were  destained  in  I mM  MgS04  for  1 hr  and  then  photographed  over  a 
UV  transilluminator  with  type  55  Polaroid  film. 

Data  analysis 

DNA  restriction  fragment  patterns  were  determined  by  direct  comparison  of  the 
electrophoretic  patterns  of  the  DNA  restricted  with  each  of  the  four  endonucleases. 

The  codes  I or  0 were  assigned  according  to  the  presence  or  absence  of  each  fragment, 
respectively.  The  resulting  matrix  was  used  to  estimate  the  genetic  relationships 
between  strains  based  on  the  proportion  of  shared  DNA  fragments.  The  expected 
proportion  of  shared  fragments  (F)  was  calculated  by  the  equation  proposed  by  Nci  and 
Li  (1979),  F=  2nxyl(nx  + ny),  where  nsy  is  the  number  of  fragments  shared  between  two 

program  (Appendix  B)  written  for  the  SAS  system  (SAS  Institute  Inc.,  Cary,  NC)  was 
used  to  estimate  the  proportion  of  shared  fragments  (F).  The  genetic  divergence 
between  strains  was  calculated  as  the  estimate  of  the  number  of  nucleotide  substitutions 
per  site  (8),  based  on  the  proportion  of  shared  DNA  fragments  (Nei  and  Li,  1979).  The 
iterative  method  proposed  by  Nei  (1 987)  was  used  to  estimate  the  number  of  nucleotide 

C). 

Relationships  among  strains  were  studied  based  on  phylogenetic  analysis  using 
the  BOOT  and  KITSCH  programs  from  the  PHYLIP  computer  package  (Fclsenstein, 
1991).  For  the  BOOT  program,  the  restriction  fragment  data  encoded  0 or  I were  used 
as  input  for  reconstruction  of  an  unrooted  phylogenetic  tree  by  using  the  Wagner 


parsim 
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vesicaloria  vverc  successfully  ampl ificd  with  primers  RST2  plus  RST3  (Fig.  6-1 ) and 
RST2I  plus  RST22  (Fig.  6-2),  respectively.  The  same  size  fragments  were  also 
successfully  amplified  from  DNA  of  all  strains  of  the  other  pathovars  of  A'  campeslris 
(Fig,  6-1  and  6-2).  The  DNA  fragments  were  also  amplified  from  16  strains  of  AT. 


vesicatoria  was  further  confirmed  by  Southern  hybridization  analysis.  The  amplified 
DNA  fragments  of  the  different  strains  of  X.  campeslris  hybridized  to  the  respective 


I3S 


Ue.  pv^'alfalfae strain  82-1 ; 8, X.  c.  pv.  bilvae strain  XCB;  9,X 
Feronia  sp.  strain  XCF;  !0to  12,  strains  9771.  B84,  and  339  of*.  c. 
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The  840-  and  1 ,075-bp  hrp  gene  cluster  fragments  amplified  from  strains  of 
different  pathovars  of  X.  campesiris  were  each  restricted  with  either  C/oh  Hae 111, 

Sou3  Al,  or  Taq\.  The  bonding  patterns  for  each  set  of  fragments  from  the  pathovara  of 
X campesiris  included  in  this  study  were  variable-  The  banding  patterns  of  the  1,075 
bp  hrp  gene  cluster  fragment  amplilicd  from  strains  of  different  pathovars  of  X. 
campesiris  restricted  with  the  endonucleases  Cfoi  and  ffaelll  are  presented  in  Fig.  6-3. 
The  banding  patterns  of  the  strains  of  X.  campesiris  pv.  citrumelo  were  very  similar  to 
the  patterns  obtained  for  X.  campesiris  pv.  vesicaloria  strain  75-3  (Fig.  6-3).  Also,  X. 
campesiris  pv.  alfalfa.  X.  campesiris  pv.  fici,  and  the  strain  XI98  of  X.  campesiris 
produced  patterns  similar  to  the  strains  of  A!  campesiris  pv.  citrumelo  with  certain 
combinations  of  fragment-restriction  endonucleases  (Fig.  6-3).  X campesiris  pv. 
bilvae,  X.  campesiris  XCF,  and  the  strains  of  X.  campesiris  pv.  citri  also  made  up  a 
group  with  very  similar  banding  pattern  (Fig.  6-3).  On  the  other  hand,  X.  campesiris 
pv,  maculifoliigardeniae  had  a more  distinct  restriction  fragment  profile  (Fig.  6-3). 
Although  variability  was  also  observed  in  the  banding  patterns  obtained  with  the 
endonucleases  .SY;i/3Al  and  Taql,  a characteristic  pattern  for  each  group  or  pathovar  of 
X.  campesiris  was  less  evident  for  these  two  endonucleases  (data  not  shown). 
Similarly,  restriction  analysis  of  the  840-bp  hrp  fragment  also  produced  a pattern  of 
variation  for  the  different  strains  of  X campesiris  (data  not  shown). 

Sixteen  strains  of  X.  campesiris  pv.  citrumelo,  representing  all  three 
aggressiveness  groups,  were  analyzed  by  restriction  analysis  of  the  amplified  hrp 
fragments.  The  banding  patterns  of  five  strains  of  the  highly  aggressive  group  of  A, 
campesiris  pv.  citrumelo  were  identical  to  each  other  when  restricted  with  either  Cfoi 
(Fig.  6-4A),  ffuelll  (Fig.  6-4B).  &rrr3AI  or  Taql  (data  not  shown).  For  certain 
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combinations  of  fragment  and  endonuclease,  the  restriction  pattern  of  the  highly 
aggressive  strains  were  similar  to  some  strains  of  the  moderately  or  weakly  aggressive 
groups,  these  include  the  1.075-bp  fragment  from  the  weakly  aggressive  strain  FI00 
restricted  with  Cfo I (Fig.  6-4A)  and  the  fragment  from  the  moderately  aggressive  strain 
F378  restricted  with  tfaelll  (Fig.  6-4B).  However,  the  overall  banding  patterns  of  the 
combinations  of  two  fragments  and  four  endonucleases  for  the  highly  aggressive  strains 
were  different  front  the  patterns  obtained  for  the  strains  of  the  moderately  and  weakly 


Gmctic-relalionships.of.ihc  hrp  iium  different-strains  of  X.  eamptsiris 

DNA  of  the  hrp  gene  cluster  indicated  that  there  is  variation  in  the  relatedness  of  the 
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hrp  genes  of  the  different  strains  of  X.  cam/ieslris.  The  genetic  divergence  between 
strains  was  estimated  based  on  the  data  for  1 06  restriction  fragments  obtained  from  the 
combination  of  two  hrp  gene  cluster  fragments  and  four  endonucleases.  A pairwise 
matrix  of  the  genetic  distances.  6,  was  calculated  for  the  1 8 distinct  banding  patterns 
(Table  6-1).  X.  campeslris  pv.  citri  339  was  included  in  the  genetic  analysis  as  a 
representative  of  group  C.  although  the  restriction  banding  patterns  of  the  hrp 
fragments  were  identical  to  those  of  the  strains  of  group  B of  A’  campeslris  pv.  citri. 
The  largest  genetic  divergence  value  was  0.082  nucleotide  substitution  per  site  between 
X.  campeslris  pv.  maculifoliigardeniac  X22j  and  X.  campeslris  pv.  citri  9771  of  group 
A (Table  6- 1 ).  However,  most  of  the  estimates  of  nucleotide  substitutions  per  site  arc 
smaller  than  0.05.  which  is  considered  the  upper  limit  to  give  accurate  estimates  of 
genetic  distance  based  on  restriction  fragment  data  (Nei,  1987). 

Strains  of X.  campeslris  pv.  cilrumclo  that  represent  all  three  aggressiveness 


divergent  from  0.002  to  0.022  nucleotide  substitution  per  site  (Table  6-1 ).  Similarly, 
strains  of.\'  campeslris  pv.  citri  groups  A.  B.  and  C showed  a low  genetic  divergence 
for  the  hrp  genes,  ranging  from  0.000  to  0.0 1 4 nucleotide  substitution  per  site  (Table  6- 
1).  As  mentioned  above,  the  banding  patterns  of  the  strains  of-T.  campeslris  pv.citri 
groups  B and  C were  identical  to  each  other  for  all  combinations  of  hrp  gene  cluster 
fragments  and  restriction  endonucleases.  On  the  other  hand,  the  hrp  genes  of  strains  of 
X i campeslris  pv.  citrumelo  were  very  poorly  related  to  the  ones  of  A'  campeslris  pv. 
citri,  with  divergence  ranging  from  0.050  to  0.064  nucleotide  substitution  per  site 
(Table  6-1). 


I restriction  patterns  of  the  hrp  fragments  that  were 
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The  relatcdness  of  the  hrp  genes  of  strains  of  the  citrus  pathogens  X.  campeslris 
pv.  citrumelo  and  X.  campeslris  pv.  citri  to  the  hrp  gene  cluster  of  some  other 


campeslris  pv.  alfalfac  82-1.  X.  campeslris  pv,  fici  X 1 5 1 . and  X.  campeslris  pv. 
vesicatoria  75-3  and  X.  campeslris  XI 98  were  closely  related  to  hrp  genes  of  A 
campeslris  pv.  citrumelo,  and  the  genetic  divergence  ranged  from  O.OIM  to  0.023 
nucleotide  substitution  per  site  (Table  6-1).  However,  strains  of  X campeslris  pv.  citri 
were  much  less  related  to  those  four  strains  of  A campeslris,  with  genetic  divergence 
ranging  from  0.049  to  0.061  nucleotide  substitutions  per  sue  (Table  6-1).  The  Arp 
genes  of  strains  of  X.  campeslris  pv.  citri  were  highly  related  to  X.  campeslris  pv. 
bilvae  XCB  and  X.  campeslris  XCF.  The  genetic  divergence  of  the  hrp  genes  of  A! 
campeslris  pv.  citri  from  the  genes  of  these  strains  of  A.  campeslris  ranged  from  0.01 1 
to  0.018  nucleotide  substitution  per  site  (Table  6-1).  Moreover,  A.  campeslris  pv. 
maculifoliigardcniac  strain  X22j  has  hrp  genes  not  highly  related  to  any  of  the 
xanthomonads  from  citrus,  with  a genetic  divergence  ranging  from  0.046  from  A 
campeslris  pv.  citrumelo  strain  534  to  as  high  as  0.082  from  A.  campeslris  pv.  citri 
group  A (Table  6-1). 

The  restriction  fragment  data  of  the  hrp  genes  encoded  0 or  1 and  the  distance 
matrix  (Table  6- 1 ) were  used  to  construct  phylogenetic  trees  based  on  a parsimony 
criterion  by  using  the  BOOT  program  and  a distance  method  by  using  the  KITSCH 
program  of  the  PHYLIP  computer  package  (Felsenstcin.  1991),  respectively.  Although 
the  general  topology  is  slightly  different,  the  phylogenetic  trees  inferred  by  using  two 
different  approaches  of  tree  reconstruction  showed  very  similar  branching  patterns  for 
the  major  eludes  (Fig.  6-6  and  6-7).  The  branching  pattern  obtained  with  the  BOOT 
program  is  unrooted,  although  the  strain  A campeslris  pv,  maculifoliigardeniae  X22j 


Fig.  6-6.  Unrooted  tree  for  1 9 strains  of  Xanthumonus  cumpestris  inferred  from 
restriction  analysis  data  of  DNA  fragments  related  to  the  complementation  groups  B 
and  C/D  of  the  hrp  genes  of.V  cumpestris  pv.  vesicatoria  generated  by  the  BOOT 
procedure  from  the  PHYLIP  computer  package  by  using  the  Wagner  parsimony 
criterion.  Numbers  at  each  node  indicate  the  bootstrap  percentages  from  100  samples. 
Bootstrap  values  less  titan  50  indicate  that  the  assemblage  is  not  well  supported  by  the 
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Fig.  6-7.  Rooted  tree  for  1 9 strains  of  X.  campestris  inferred  from  restriction  analysis 
data  of  DNA  fragments  related  to  the  complementation  groups  B and  C/D  of  the  hrp 
genes  of  A!  campestris  pv.  vcsicatoria  generated  by  the  KITSCH  procedure  from  the 
PHYLIP  computer  package  by  using  the  Fitch-Margoliash  method. 
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was  token  as  the  outgroup  to  infer  the  topology  of  the  tree  (Fig-  6-6).  The  strains  of  X. 
campestris  can  be  divided  into  three  major  clades  based  on  the  hrp  genes,  with  X. 
campestris  pv.  maculifoliigardcniac  X22j  as  tile  sole  member  of  one  clade  (Fig.  6-6). 
The  second  clade  is  the  largest  one  and  comprises  all  strains  of  A-,  campestris  pv. 
citrumelo.  X.  campestris  pv.  alfalfac,  X campestris  pv.  fici.  X campestris  pv. 
vesicaloria,  and  X.  campestris  from  S.  reginae  (Fig.  6-6).  The  third  clade  is  formed  by 
all  the  strains  of  X.  campestris  pv.  cilri.  X campestris  pv,  bilvac,  and  a strain  of  X. 
campestris  &om  Fertmia  sp.  (Fig.  6-6).  The  assemblage  of  these  phylogenetic  clades  is 
highly  supported  by  the  bootstrap  values  (Fig.  6-6).  furthermore,  X campestris  pv. 
maculifoliigardcniac  X22j  was  indeed  chosen  as  an  appropriate  outgroup  to  evaluate 
the  relationships  among  X.  campestris  strains  causing  disease  on  citrus  on  the  basis  of 
the  hrp  genes.  The  rooted  tree  obtained  by  the  KITSCH  program,  selected  among  1908 
trees  examined,  also  indicates  that  AT,  campestris  pv.  maculifoliigardcniac  X22j  is  basal 
to  the  remainder  X campestris  strains  included  in  this  study  (Fig,  6-7). 

The  inferred  phylogenetic  trees  seem  to  support  the  hypothesis  that  the  hrp  gene 
cluster  of  X,  campestris  pv.  citrumelo  strains  from  the  three  aggressiveness  groups  are 
monophyletic  and  closely  related  to  other  pathovars  of  A'  campestris,  including  X, 
campestris  pv.  alfalfae,  X.  campestris  pv.  fici,  and  X i campestris  pv.  vesicaloria. 
Similarly,  the  monophyly  of  the  hrp  genes  of  X,  campestris  pv.  cilri,  X.  campestris  pv. 
bilvac,  and  X.  campestris  XCF  is  also  supported  (Fig.  6-6  and  6-7). 


Strains  of  all  pathovars  of  A',  campestris  included  in  this  study  have  an  hrp  gene 
cluster  on  the  basis  of  hybridization  of  genomic  DNA  with  the  hrp  gene  cluster  (torn  X. 


campeslris  pv.  vcsicaloria  (Egel,  1991 ) and  on  the  basis  of  amplificalion  of  hrp 
fragments  with  oligonucleotide  primers  specific  for  the  complementation  groups  B and 
C/D  of  the  hrp  genes  of  X.  campeslris  pv.  vcsicaloria  (Chapter  3).  This  is  particularly 
significant  in  regard  to  the  strains  associated  with  citrus  bacterial  spot  disease.  Despite 
differences  in  the  pathogenic  characteristics  of  those  strains  (Graham  and  Gottwald, 
1990;  Graham  cl  al..  1990).  the  presence  of  an  hrp  gene  cluster  supports  the  pathogenic 
nature  of  those  bacterial  strains.  If  they  were  opportunistic  xanthomonads  (Gitaitis  et 
al.,  1987),  they  would  lack  an  hrp  region  (Bonasetal.,  1991;  Stall  and  Minsavagc, 
1990). 

Information  about  the  similarity  of  the  hrp  genes  of  the  bacteria  causing 
diseases  of  citrus  was  obtained  from  restriction  enzyme  patterns  of  amplified  fragments 
of  the  hrp  gene  cluster.  Although  the  DNA  fragments  amplified  with  the  two  sets  of 
primers  were  of  the  same  size  for  all  the  strains  o(X.  campeslris.  characteristic 
restriction  banding  patterns  for  each  bacterial  group  occurred  with  the  840-  and  1,075- 
bp  fragments.  Complementation  groups  B and  C/D  of  the  hrp  gene  cluster,  from  which 
the  fragments  were  amplified,  are  considered  to  be  highly  conserved  among  plant 
pathogenic  xanthomonads  (U.  Bonas,  personal  communication).  Therefore,  the 
homology  of  the  restriction  enzyme  fragments  from  amplified  hrp  genes  should  furnish 
valid  relationships  among  these  pathogens.  These  relationships  were  determined  by  a 
phylogenetic  analysis. 

The  phylogenetic  analysis  based  on  the  hrp  gene  cluster  showed  polyphylctic 
relationships  of  the  strains  afX.  campeslris  causing  disease  in  citrus.  This  suggests 
that  the  hrp  gene  cluster  may  have  evolved  independently  in  these  strains  of  X 
campeslris.  This  evolution  could  be  convergent  or  parallel.  The  analysis  is  based  on 
the  assumption  that  the  differences  in  restriction  sites  in  the  hrp  gene  cluster  region 


were  due  to  nucleotide  substitutions  and  not  to  insertion  or  deletion  of  DNA  sequences. 
In  fact,  this  assumption  is  supported  by  the  fact  that  no  apparent  length  variation  was 
observed  in  the  two  DNA  fragments  amplified  from  all  strains  of  X.  campeslris.  In 
support  of  the  phylogenetic  analysis  presented  here  is  the  monophyletic  nature  of  the 
hrp  gene  cluster  of  bacterial  pathogens  with  different  genetic  backgrounds  causing 
disease  in  different  hosts.  The  phylogenetic  grouping  presented  here  also  correlates 
with  genetic  analyses  based  on  DNA-DNA  hybridization,  fingerprinting,  and 
conventional  restriction  fragment  length  polymorphism  (Egel,  1991;  Egcl  et  al.,  1991; 
Gabriel  et  al.,  1988, 1989;  Graham  et  al.,  1990:  Homing  and  Civerolo;  1987,  1989; 
Kubicek  et  al.,  1 989).  The  data  presented  supports  the  concept  of  a group  of  causal 
microorganisms  of  citrus  bacterial  spot  disease  which  ore  closely  related  yet  represent  a 


variety  of  different  genotypes. 

Two  different  groups  of  X.  campeslris  pv.  citri  were  distinguished  by  restriction 
enzyme  analysis  of  the  amplified  fragments  of  the  hrp  gene  cluster.  The  strains  of 
group  A produced  identical  patterns  for  all  fraginent-cndonuclease  combinations. 
Similarly,  all  strains  within  the  groups  B and  C also  produced  identical  restriction 
banding  patterns.  The  banding  patterns  for  group  A strains  were  different  from  the 
patterns  of  group  B and  C strains,  however.  This  substantiates  other  reports  of  the 
relative  genetic  uniformity  of  the  strains  of  the  A.  B.  and  C groups  of  X.  campeslris  pv. 
citri  based  on  restriction  analysis  of  the  entire  genome  by  using  genomic  fingerprinting, 
pulse-field  electrophoresis,  or  restriction  fragment  length  polymorphisms  with  random 
DNA  probes  (Egel,  1991;  Egel  eta!..  1991;  Gabriel  cl  al.,  1988,  1989;  Graham  ctal., 
1990;  Hartung  and  Civerolo;  1987).  Tile  two  groups  of  A',  campeslris  pv.  citri  have 


about  60%  DNA  homology  (Egel  et  al.,  1991).  The  major  difference  from  previous 
work  is  that  in  our  studies  specific  homologous  regions  of  the  bacterial  genome,  the  hrp 


gene  cluster,  were  compared.  Nevertheless,  the  results  of  the  genetic  analysis  of  the 
hrp  related  regions  are  consistent  with  those  obtained  when  the  entire  genome  was 
randomly  examined.  From  this  and  the  previously  cited  research,  the  two  groups  of 
strains  within  X campeslris  pv.  citri  should  probably  be  differentiated  at  some 


taxonomic  level. 

Two  groups  of  X,  campeslris  pv,  citrumelo  were  also  distinguished  after 
restriction  enzyme  digestion  of  the  amplified  hrp  fragments.  Strains  of  the  highly 
aggressive  group  were  very  uniform  for  all  fragment-endonuclease  combinations  and 
had  a characteristic  restriction  banding  pattern.  On  the  other  hand,  the  moderately  and 


weakly  aggressive  groups  of  the  bacterium  had  diverse  restriction  banding  patterns  for 
both  amplified  hrp  fragments.  This  concurs  with  previous  studies  of  the  moderately 
and  weakly  aggressive  groups  of  Al  campeslris  pv.  citrumelo  (Egel,  1991 ; Egel  et  al., 
1991 ; Gabriel  cl  al..  1988. 1989;  HartungandCiverolo,  1987. 1989:  ECubicek  et  a!„ 
1989).  Even  with  genetic  diversity  among  tire  moderately  and  weakly  aggressive 
strains,  all  strains  included  under  X campeslris  pv.  citrumelo  are  80%  similar  using 
DNA-DNA  hybridization  (Egel,  1991;  Egel  ctal.,  1991).  As  with  strains  of  X. 
campeslris  pv.  citri.  the  two  groups  of  strains  of  X.  campeslris  pv.  citrumelo  should 
also  be  distinguished  at  the  taxonomic  level. 

The  results  presented  in  this  work  demonstrate  that  strains  of  A!  campeslris 
causing  disease  in  citrus  can  be  reliably  differentiated  and  identified  by  restriction 
analysis  of  amplified  fragments  related  to  the  hrp  gene  cluster.  The  number  of  strains 
examined  were  small,  but  the  genetic  diversity  within  different  pathovarsofAf. 


campeslris  could  be  assessed.  The  reliable  identification  of  the  citrus  pathogen  usi 


DNA  amplification  will  greatly  facilitate  disease  diagnosis,  as  well  as  ecological  and 


epidemiological  studies.  Furthermore,  the  use  of  oligonucleotide  primets  for  the  hip 
gene  cluster  region  provide  certainty  for  identification  of  strains  X.  campeslris  that  may 
not  be  possible  with  other  methods. 


CHAPTER  7 

EVALUATION  OF  A DNA  AMPLIFICATION  APPROACH  FOR 
DETECTION  AND  IDENTIFICATION  OF  PLANT  PATHOGENIC 
XANTHOMONADS  ASSOCIATED  WITH  PEPPER  AND  TOMATO 

Stall.  1993).  The  disease  is  characterized  by  necrotic  lesions  on  leaves,  stems,  and 
Suits.  In  warm  and  rainy  weather,  the  disease  is  usually  severe  and  may  cause  heavy 
defoliation  of  the  plants  that  results  in  reduced  yield  (Pohronezny  ct  al„  1986). 
Furthermore,  diseased  fruits  arc  usually  commercially  depreciated  and  may  not  be 
suitable  for  Scsh-market  (Cox.  1966;  Pohronezny  ct  al„  1983).  Bacterial  spot  is  also  of 

where  producers  are  expected  to  provide  disease-free  transplants  (Gitaitis  et  aL,  1987, 
1992). 

Control  of  bacterial  spot  has  been  hampered  by  many  factors.  No  bactericide  is 

vesicatoria  (Marco  and  Stall,  1983;  Thayer  and  Stall,  1961).  This  has  lead  to  reduced 
efficacy  of  bactericide  sprays  for  the  control  of  the  disease  in  the  field.  Sources  of 
resistance  to  bacterial  spot  were  identified  in  pepper  (Sowell  and  Dempsey,  1977)  and 
tomato  (Scott  and  Jones,  1 989)  and  have  been  used  in  breeding  programs  to  develop 
horticulturally  desirable  pepper  and  tomato  cultivate  However,  sudden  shills  in  races 
of  AT.  campestris  pv.  vesicatoria  can  overcome  the  resistanceand  poses  a major  concern 
154 


nature  of  antigenic  determinants  in  immunogens  of  the  xanthomonads  poses  a major 
limitation  for  the  use  of  polyclonal  antibodies.  For  instance,  polyclonal  antibodies 


pathogenic  xanthomonads  (O'Brien  et  ah.  1 967).  In  contrast,  strains  of  X.  campestris 
pv.  vesicatoria  are  serologically  diverse  and  no  single  polyclonal  or  monoclonal 
antibody  has  been  obtained  that  reacts  to  all  strains  of  this  pathogen  (Benedict  et  ah. 
1990;  Jones  et  ah.  1993b;  Sialic!  oh.  1994).  More  recently,  nucleic  acid  based 
techniques  have  been  examined  for  specific  detection  ofX.  campestris  pv.  vesicatoria 
(Garde  and  Bender.  1991;  Jones  etah,  1993b).  Garde  and  Bender  (1 991)  developed 
DNA  probes  for  detection  of  copper  resistant  X.  campestris  pv.  vesicatoria,  but  the 
copper  region  from  A",  campestris  pv.  vesicatoria  may  hybridize  to  other  plant 
pathogens,  such  as  the  tomato  pathogen  Pseudomonas  syringae  pv.  tomato  (Voloudokis 
etah,  1993). 

The  objective  of  this  study  was  to  examine  a procedure  based  on  the 
amplification  of  DNA  fragments  related  to  the  hrp  gene  cluster  of  X.  campestris  pv. 
vesicatoria  (Chapter  3)  for  the  specific  detection  and  identification  of  plant  pathogenic 
xanthomonads  associated  with  pepper  and  tomato  seeds.  The  sensitivity  and  specificity 
of  the  polymerase  chain  reaction  (PCR)  technique  were  determined  by  the  detection  of 
X.  campestris  pv.  vesicatoria  in  artificially  and  naturally  contaminated  seeds  lots.  The 
reliability  of  the  technique  for  detection  of  X.  campestris  pv.  vesicatoria  was  further 
investigated  by  comparison  with  the  dilution  plating  on  scmisclective  media  and 
detection  by  ELISA.  Furthermore,  plant  pathogenic  xanthomonads  isolated  from 
pepper  and  tomato  seeds  were  tentatively  identified  based  on  the  analysis  of  the 


restriction  pattern  produced  from  amplified  DNA  fragments  related  to  the  hrp  genes. 
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identified  previously  as  members  of  the  Xanlliomoms  by  fatty  acid  analysis  (N.  C. 
Hodge,  personal  communication).  All  strains  were  streaked  on  nutrient  agar  (Becton 
Dickinson)  and  single  colonics  were  selected.  Nutrient  broth  cultures  were  grown  24 


Pepper  and  tomato  seeds  were  obtained  from  fruits  or  were  provided  by 
commercial  seed  companies.  Naturally  infested  seeds  of  pepper  and  tomato  were 
obtained  by  extracting  seeds  from  diseased  fruits  or  were  provided  by  the  Georgia 
Department  of  Agriculture  at  Tifton.  GA.  In  some  experiments,  bacterial  suspeasions 
of*  campestris  pv.  vesicatoria  75-3  was  added  to  the  seed  wash  mixture  at  the 


Planl  man-rial  and  plant  inoculations 

All  plants  were  maintained  in  a growth  chamber  at  28-30°C  during  inoculation 
and  incubation.  The  pepper  cultivar,  Early  Calwonder  and  the  tomato  cultivar.  Bonny 
Best  were  used  in  the  pathogenicity  tests.  In  pathogenicity  tests,  fully  expanded  leaves 
of  plants  were  inoculated  with  bacteria]  suspensions  by  infiltrating  the  bacteria  into  the 
intercellular  spaces  by  using  a i ml  plastic  syringe  with  a 27  gauge  needle.  The 
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concentration  of  the  inoculum  was  approximately  5X10*  CFU/ml  in  sterile  lap  water, 
detemtined  by  measuring  the  optical  density  in  a Spcctronic  20  speclrophotometer 
(Bausch  and  Lomb,  Inc..  Rochester.  NY).  Plant  reactions  were  scored  over  a period  of 


ultrasonication  technique  (Hacfelc  and  Webb.  1 982;  Morris.  1 985).  Two  and  one  half 

or  150  ml  of  phosphate  buffer  (8.5  mM  K2HP04, 7.5  mM  KH2P04,  0.02%  Tween  20. 
pH  7.0),  respectively,  for  20  min  in  a model  B-22-4  ultrasonic  cleaner  (Branson 
Cleaning  Equipment  Co..  Shelton.  CT).  Bacterial  populations  were  determined  by  the 
dilution  plate  count  method  (Taylor.  1962).  Dilutions  were  made  from  the  washings  in 


(YNA)(Schaad  and  Stall,  1988),  or  Tween  medium  B (McGuire  ct  al..  1986),  or  both. 
X.  ctmpcslris  pv.  vesicatoria  was  determined  by  the  presence  of  circular,  raised,  and 
yellow  colonics  surrounded  by  a lipolytic  halo  on  Tween  medium  B (McGuire  ct  al.. 

1 986;  McGuire  and  Jones.  1 989).  Aliquots  of  the  seed  and  seedling  washings  were 
also  processed  and  used  in  live  DNA  amplification  and  ELISA  assays. 


Total  genomic  DNA  of  each  bacterial  strain  was  isolated  by  phenol-chloroform 
extraction  and  ethanol  precipitation  essentially  as  described  by  Ausubcl  ct  al.  (1987). 
Bulk  DNA  extracts  were  obtained  from  seed  and  seedling  washings  by  using  a 
modification  of  the  method  for  DNA  extraction  described  by  Ausubcl  et  al.  (1987). 


Aliquots  of  the  seed  or  seedling  washings  were  transferred  to  1 .5  ml  microfitge  tubes, 
and  sodium  ascorbate  (Sigma,  St.  Louis,  MO)  and  insoluble  polyvinypolypyrrolidone 
(PVPP)  (Sigma)  were  added  for  a final  concentration  of  0.2  M and  0.1% , respectively. 
These  concentrations  of  PVPP  and  sodium  ascorbate  were  used  throughout  this  study, 
unless  otherwise  stated.  Prior  to  use,  the  PVPP  was  acid  washed  by  the  procedure 
described  by  Holben  elal.  (1988).  The  samples  were  homogenized  by  vortexing.  The 
homogenate  was  pelleted  by  centrifuging  in  an  Eppendorf  microcentrifuge  (Brinkmann 
Instruments  Inc.,  Westbury,  NY)  for  2 min  at  16,000  g.  The  pellet  was  resuspended  in 
567  pi  of  TE  buffer  (10  mM  Tris  CI,  pH  8.0: 1 mM  EDTA,  pH  8.0).  Proteinase  K 
(Bochringer  Mannheim,  Indianapolis,  IN)  and  sodium  dodecyl  sulfate  (SDS)  (Sigma) 
were  added  for  a final  concentration  of  1 00  pg/ml  and  0.5%,  respectively.  After 
incubation  for  1 hour  at  37°C.  sodium  chloride  and  hcxadccyltrimethyl  ammonium 
bromide  (Sigma)  were  added  to  each  preparation  for  a final  concentration  of  0.7  M and 
1%,  respectively.  The  preparations  were  incubated  for  10  min  at  65°C.  DNA  was 
purified  by  treatment  with  chloroform-isoamyl  alcohol  (24: 1 ).  The  samples  were 
vortexed  and  centrifuged  for  5 min  at  1 6,000 g.  A second  purification  was 
accomplished  by  adding  phenol-chloroform-isoamyl  alcohol  (25:24:1)  and  centrifuging 
as  described  above.  DNA  was  precipitated  by  adding  0.6  volumes  of  isopropanol  and 
incubating  for  30  min  at  -20°C.  The  samples  were  centrifuged  for  20  min  at  16,000  g. 
The  DNA  pellet  obtained  was  washed  with  70%  ethanol  and  centrifuged  again.  After 
drying,  the  pellet  was  redissolved  in  50  pi  of  TE  buffer  and  stored  at  4°C. 


Three  sets  of  oligonucleotide  printers  selected  from  the  nucleotide  sequence  of 
the  hrp  gene  cluster  of  Xtmlhomonas  campestris  pv.  vcsicatoria  (Ulla  Bonas,  personal 


communication)  were  used  in  this  study.  Primers  RST2  plus  RST3  delineated  an  840- 
bp  fragment.  RST9  plus  RSTIO  delineated  a 355-bp  fragment,  and  RST2I  plus  RST22 
delineated  a 1,075-bp  fragment.  The  primets  map  to  the  complementation  groups  hrpB 
and  hrpC/D  of  the  hrp  gene  cluster  of  X.  campcstris  pv.  vesicatoria  (Chapter  3). 
Oligonucleotide  primers  were  synthesized  with  a model  394  DNA  Synthesizer 
(Applied  Biosystems.  Foster  City,  CA)  by  the  DNA  Synthesis  Laboratory,  University 
of  Florida,  Gainesville. 

DNA  fragments  were  amplified  in  a reaction  mixture  of  50  pi  containing  5 pi  of 
10X  buffer  (500  mM  KC1, 100  mM  Tris-Cl  [pH  9.0  at  25'C),  1%  Triton  X-100),  1.5 
mM  MgCl2, 200  pM  of  each  dcoxynudeolide  triphosphate  (Bochringer  Mannheim),  25 
pmol  of  each  primer.  1,25  units  of  Taq  polymerase  (Promega,  Madison.  WI).  The 
amount  of  template  DNA  added  was  100  ng  of  purified  bacterial  DNA  whereas  for  the 
seed  and  seedling  samples  a volume  of  1 0 pi  of  the  DNA  extract  was  added,  unless 
otherwise  stated.  The  reaction  mixture  was  overlaid  with  50  pi  of  light  mineral  oil. 
Thirty  amplification  cycles  were  performed  in  an  automated  thcrmocycler  PT-100-60 
(MJ  Research.  Watertown,  MA)  according  to  the  following  profiles:  30  s of 
denaturation  at  95°C,  30  s of  annealing  at  62°C,  and  45  s of  extension  at  72°C  for  the 
primers  RST2  plus  RST3;  30  s of  denaturation  at  95®C,  30  s of  annealing  at  52'C,  and 
45  s of  extension  at  72°C  for  the  primers  RST9  plus  RSTIO;  30  s of  denaturation  at  95' 
C,  40  s of  annealing  at  61  “C.  and  45  s of  extension  at  72°C  for  the  primers  RST2I  plus 
RST22.  For  all  three  profiles,  the  initial  denaturation  step  was  5 min  at  95'C,  and  the 
last  extension  step  was  extended  to  5 min.  Amplified  DNA  fragments  were  detected  by 
electrophoresis  in  0.9%  agarose  gels  in  TAE  buffer  (40  mM  Tris-acetalc,  I mM  EDTA, 
pH  8.2)  according  to  standard  procedures  (Sambrook  ct  al.,  1989). 


The  /(/-/(-related  fragments  amplified  from  different  bacterial  strains  were 
restricted  with  the  frequent-cutting  endonucleases  Cfol,  Hue  111.  Siihj  Al,  or  Tuql, 
according  to  conditions  speciflcd  by  the  manufacturer  (Promega).  The  restricted 
fragments  were  separated  by  electrophoresis  in  4%  agarose  gels  (3%  NuSieve  and  1% 
Seakcm  GTG  (FMC  BioProducts])  in  TAG  buffer  at  8 V/cm.  Phage  X ftfl-restrictcd 
DNA  fragments  were  used  as  molecular  standards.  The  gel  was  stained  with  0.5  Mg  of 
ethidium  bromide  per  ml  for  40  min  and  then  destained  in  I mM  MgSO.,  for  1 hr  and 
photographed  over  a UV  transiituminator  with  type  55  Polaroid  film.  The  restriction 
pattern  obtained  was  compared  to  the  standard  banding  profiles  established  for  the 
different  groups  of  plant  pathogenic  xanthontonads  (Chapter  4). 

BL1SA  assay 

An  ELISA  procedure  that  was  developed  for  detection  of  low  populations  ofX. 
campeslris  pv.  vcsicaioriu  was  used  (Somodi  et  al.,  1993).  Aliquots  of  the  seed 
washings  were  transferred  to  microfugc  tubes  and  an  equal  amount  of  EDT A/lysozyme 
lysis  buffer  (2.0  g KHiPO*  1 1.5  g Na2P04. 0.14  g EDTA  disodium.  0.02  g thimcrosal, 
0.2  g lysozyme  (Sigma).  1 1 deionized  water)  was  added.  The  samples  were 
homogenized  by  vortexing  and  incubated  for  at  least  1 6 hr  al  room  temperature. 

Immulon  2 (Dynatech  Laboratories.  Chantily,  VA)  flat  bottom  96-well 
microtiter  plates  were  coaled  with  a polyclonal  antibody  developed  against  X 
campextris  pv.  vesicatoria  75-3  and  incubated  at  4°C  overnight.  The  coating  buffer  and 
phosphate  buffered  saline  (PBS)  were  used  as  described  by  Clark  and  Adams  (1977). 
All  further  incubations  were  for  2 hr  at  37°C.  The  microtilcr  plates  were  washed  with  a 
solution  containing  0,8%  Nad  and  0. 1 % Tween  20  in  deionized  water  (NTrinsc)  (G. 


C.  Somodi,  persona!  communication).  Plates  were  then  blocked  with  1%  bovine 
albumin  (Sigma.  A-9647)  in  PBS  and  shaken  to  remove  excess  liquid.  Aliquots  of  100 
pi  of  each  sample  in  EDTA/lysozyme  lysis  buffer  were  added  to  three  wells  on  the 
microtitcr  plate  and  incubated.  The  microtiter  plates  were  rinsed  with  NTrinse  and  a 
monoclonal  antibody  (2H10)  prepared  against  X.  campesiris  pv.  vesicatoria  75-3  was 
added  to  all  wells  and  the  plates  were  incubated.  The  microliter  plates  were  rinsed 
again  with  NT  rinse,  and  alkaline  phosphatase  conjugated  goat  antimousc  A-1047 
(Sigma)  was  applied  to  the  plate.  The  microtitcr  plates  were  incubated  and  then  rinsed 
with  the  final  washing  buffer Tris-buffcred  saline  (1, 51  g of  Tris-base,  2.19gNaCI, 
final  volume  250  ml  with  deionized  water.  pH  7.5)  four  times.  Substrate  and  amplifier 
were  added  according  to  the  instructions  specified  by  the  manufacturer  of  the  ELISA 
Amplification  system  (Gibco  BRL.  Gaithersburg.  MD).  Readings  were  made  at  A492 
15  min  after  addition  of  the  amplifier  with  an  EAR400  AT  plate  reader  (SLT 
Labinslruments.  Austria). 

The  fatty  acid  profiles  of  the  strains  of  X.  campestris  isolated  from  pepper  and 
tomato  seeds  and  seedlings  were  detemiined.  A single  colony  of  each  strain  was 
transferred  from  a nutrient  agar  culture  to  trypticasc  soy  broth  agar  (TSBA). 
Approximately  40  mg  of  cells  of  a 24  h growth  at  28°C  was  collected  for  analysis.  The 
bacterial  fatty  acids  were  dcrivatized  to  their  methyl  esters  (Miller.  1 982)  and  separated 
by  gas  chromatography  (Sasser.  1 990)  and  identified  with  the  Microbial  Identification 


match  for  tile  strains  based  on  fatty  acid  analysis  data  were  determined  by  using  the 
MIDI  sofiwarc. 


; MIDI.  Newark,  DE).  The  similarity  index  and  best 
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Development  of  a DNA  amplification  approach  for.dflcclion  of  planl  pathogenic 

Cells  of  X.  campesiris  pv.  vcsicatoria  were  detected  in  extracts  of  tomato  seeds 
by  amplification  of  an  840-bp  DNA  fragment  of  the  hrp  gene  cluster.  The  fragment 
was  amplified  from  bulked  DNA  preparations  obtained  from  the  extracts  to  which  cells 
of  strain  75-3  were  added  (Fig.  7-1  and  7-2).  The  355-bp  hrpB  fragment  was  also 
amplified  from  the  same  samples  (data  not  shown).  The  hrp  fragments  were  amplified 
from  the  samples  processed  with  and  without  the  presence  of  PVPP  and  sodium 
ascorbate  (Fig.  7-1  and  7-2).  Similar  results  were  also  obtained  with  other  pepper  and 
tomato  seed  lots  (data  not  shown).  The  two  reagents  have  been  added  to  environmental 
and  plant  samples  in  order  to  assure  the  extraction  of  nucleic  acids  with  the  quality 
required  for  consistent  enzymatic  amplification  of  DNA  fragments  (Holben  ct  al., 

1988;  Minsavagc  ct  ah,  1994).  The  addition  of  PVPP,  or  sodium  ascorbate,  or  both  at 
different  concentrations  to  the  seed  washings  apparently  did  not  interfere  with  the 
recovery  of  DNA,  nor  the  amplification  of  the  lirp  fragments  by  polymerase  chain 
reaction  (Fig.  7-1  and  7-2).  Other  methods  of  sample  preparation,  such  as  the  quick 
approach  of  DNA  isolation  (Kawasaki,  1990),  did  not  produced  consistent  results  in  the 
amplification  of  hrp  fragments  for  the  detection  of  A",  campesiris  pv.  vcsicatoria  present 
in  pepper  and  tomato  seed  washings  (data  not  shown). 

Investigation  was  carried  out  to  further  examine  the  quality  of  the  DNA 

final  concentration  of  0.2  M and  0.1% . respectively,  or  without  these  reagents  for 
amplification  of  the  hrp  fragments.  Aliquots  of  5 pi.  10  pi, and  l5plofDNA 
extracted  from  tomato  seed  washings  containing  cells  of  X.  campesiris  pv.  vcsicatoria 
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Fig.  7- 1 . Amplification  of  the  840-bp  fragment  of  the  complementation  group  B of  the 
hrp  gene  cluster  from  seeds  of  tomato  containing  I06  CFU/ml  of  Xanthomonas 
campesiris  pv.  vesicatoria  75-3  and  different  amounts  of  PVPP.  Lanes:  M,  phage  7 
restricted  with  £coRI  and  HtnMV,  I . no  PVPP  nor  sodium  ascorbate;  2.  no  PVPP;  3. 
1%  of  PVPP;  4. 2%  of  PVPP;  5, 3%  of  PVPP;  6. 4%  of  PVPP;  7, 5%  of  PVPP. 
Molecular  sizes  are  given  in  bases. 
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Amplification  of  the  840-bp  fragment  of  the  complementation  group  B of  the 
cluster  from  seeds  of  tomato  containing  I06  CFU/ml  o( Xanlhamonas 

restricted  with  £coRI  and  UindHl;  1 . no  sodium  ascorbate  nor  PVPP;  2.  no 
ascorbate;  3, 0.02  M of  sodium  ascorbate;  4. 0.2  M of  sodium  ascorbate;  5. 2 M 
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75-3  were  added  lo  die  PCR  reaction  mixture  for  amplification  of  the  hrpB  fragment 
with  primers  RST2  and  RST3.  The  840-bp  hrpB  fragment  was  amplified  from  all 
different  samples,  and  no  significant  inhibition  of  the  amplification  reaction  was 
observed  (Fig.  7-3), 


The  sensitivity  of  the  DNA  amplification  procedure  for  detection  of  cells  of  X 
campeslris  pv.  vesicatoria  in  preparations  of  tomato  seed  extracts  was  about  1 02 
CFU/ml  when  the  primers  RST9  and  RST 1 0 were  used  for  amplification  of  the  355-bp 
hrpB  fragment  (Fig.  7-4;  Table  7-2).  The  minimum  detection  level  of.V  campeslris 
pv.  vesicatoria  was  usually  10  to  100  times  higher  when  the  primers  RST2  and  RST3 
were  used  for  amplification  of  the  840-bp  hrpB  fragment  (Fig.  7-4;  Table  7-2).  The 
lower  sensitivity  of  the  primers  RST2  and  RST3  for  detection  of  -V.  campeslris  pv. 
vesicatoria  was  also  observed  for  other  tomato  and  pepper  seed  lots  (data  not  shown). 
Despite  the  differences  in  sensitivity,  both  sets  of  primers  produced  specific 
amplification  of  the  hrp  fragments  from  seed  extracts  containing  different 
concentration  of  X.  campeslris  pv.  vesicatoria  (Fig.  7-4).  In  comparison  to  ELISA,  the 
DNA  amplification  procedure  was  at  least  100  lo  1000  times  more  sensitive  for 
detection  of  A’  campeslris  pv.  vesicatoria  when  cells  were  added  to  the  seed 
preparation  (Table  7-2).  The  detection  level  of.V.  campeslris  pv.  vesicatoria  by  ELISA 
was  greater  than  I05  CFUfrnl  (Fig.  7-4;  Table  7-2). 

Dclcclion.ollplain  pathogenic  xamhooioniids  in  naturally  comaminaual  seed  lots 
Investigations  were  conducted  to  determine  the  feasibility  of  the  DNA 
amplification  procedure  for  detection  of  the  presence  of  plant  pathogenic 


171 


Fig.  7-3.  Amplification  of  the  840-bp  fragment  of  the  hrp  gene  cluster  of  Xanlhomonas 

PVPP  (lanes  1 , 2,  and  3)  and  without  these  reagents  (lanes  4, 5,  and  6).  Lancs:  M, 
phage  X restricted  with  EcoRl  and  HindlW,  I and  4. 5 pi  of  DNA  extract;  2 and  5, 10  pi 
of  DNA  extract;  3 and  6, 1 5 pi  of  DNA  extract.  Molecular  sizes  are  given  in  bases. 
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Table  7-2.  Sensitivity  of  ELISA  and  DNA  amplification  procedures  for  detection  of 

Xanlhomonas  campestris  pv.  vesicatoria  in  tomato  seeds. 

Sample  Total  population  of  X.  campestris  recovered  ELiSA  Amplification 
bacteria  on  YNA  on  Tween  B medium  Anm49211  of  hrp 

(CFU/ml)  (CFU/ml)  fiagmcntb 

355  bp  840  bp 


1 2.9  X 10s 

2 7.3  X 107 

3 5.4X10* 

4 5.6  XIO5 

5 6.8  XIO4 

6 5.8XI05 

7 1.7X107 

8 2.6X107 

9 1.5X102 


2.0  XIO8  2.79  ±0.01 
6.7  XIO7  2.09  ±0.24 
4.6X10*  0.51  ±0.01 
5.5  XIO5  0.21  ±0.01 
6.8X  104  0.16±0.02 
5.2 X I03  0.16±0.01 
1.4X107  0.17  ±0.01 

7.0  XIO1  0.17  ±0.01 
not  delected  0.16  ±0.01 


“Values  are  the  average  of  the  spectrophotometer  readings  of  three  wells. 
bAliquots  of 300  pi  and  600  pi  of  the  seed  washings  were  used  in  the  ELISA  assay  and 
for  extraction  of  DNA,  respectively.  In  the  DNA  amplification  assay  was  used  lOplof 
DNA  template. 


xanthomonads  in  naturally  contaminated  seeds.  Plant  pathogenic  xanthomonads  in 
pepper  and  tomato  seed  lots  were  detected  consistently  by  amplification  of  the  hrpB 
fragments  in  DN  A extracted  from  washes  ofl  1 seed  lots  out  of  the  1 5 tested  ( Table  7- 
3).  The  technique  specificaly  amplified  the  expected  DNA  fragments  despite  the 
background  bacterial  microfiora  of  more  than  10s  CFU/g  of  seed  (Fig.  7-5;  Table  7-3). 
The  primers  RST9  and  RSTI 0 failed  to  produce  amplification  of  the  355-bp  hrp- 
rclatcd  fragment  from  the  pepper  seed  lots  SP 1 35.92  and  PIC- 1 -PF  though 
amplification  of  the  840-bp  hrp-relalcd  fragment  indicated  the  presence  of  plant 
pathogenic  xanthomonads  in  these  seeds  (Table  7-3).  This  is  not  surprising  because  the 
set  of  primers  RST9  and  RSTIO  seem  to  allow  DNA  amplification  only  from  strains  of 
a limited  number  of  pathovars  of  A'  aimpeslris  (Chapter  3). 

Attempts  to  recover  plant  pathogenic  xanthomonads  from  different  seed  lots  by 
plating  on  general  and  scmisclcctivc  media  was  unsuccessful.  Whereas  no  colonies 
typical  of  xanthomonads  on  both  media  used.  YNA  and  Tween  B,  were  found  with  the 
seed  lots  containing  low  bacteria]  population,  a large  background  bacterial  microflora 
in  extracts  from  other  seed  lots  prevented  the  identification  of  any  possible 
xanthome  d h may  have  grown.  However,  the  presence  of  viable  plant  pathogenic 
xanthomonads  in  5 seed  lots  was  confirmed  by  detection  of  the  bacteria  in  seedlings 
from  seeds  (Table  7-3).  The  detection  of  tile  plant  pathogenic  xanthomonads  in  the 
seedlings  was  accomplished  by  isolating  the  bacteria  from  lesions  in  the  leaflets,  or  by 
amplification  of  the  /rrp-related  fragments  front  bulked  DNA  extracted  from  washings 
of  tile  aerial  part  of  the  seedlings  grown  under  greenhouse  conditions.  Furthermore,  the 
presence  of  viable  plant  pathogenic  xanthomonads  in  the  pepper  seed  lots  SP2.92. 
SP66.92,  SP  1 24.92.  SPI33.92,  SP135.92.  and  SP306.92  had  been  determined 
previously  (G.  O'Keefe,  personal  communication). 
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Fig.  7-5.  Amplification  of  the  355  bp  DNA  fragment  related  to  the  complementation 
group  B of  the  hrp  gene  cluster  of  Xanthomonas  campestris  pv.  vcsicatoria  from  DNA 

Hinda\\  1,  SP2.92;  2.  SP6&92;  3.  SP124.92;  4,  SPl’3392;  5,  SPI35.92;  6.  SP306.92; 
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Fig.  7-6.  Restriction  analysis  of  the  1 ,075-bp  DN  A fragments  related  to  the  hrpC/D 
complementation  group  and  amplified  font  strains  of  Xanlhomonas  campesiris  isolated 
from  pepper  and  tomato  seed  and  seedling,  and  restricted  with  the  endonucleases  Taql 
(Lanes  2 to  10)  and  Waelll  (Lanes  12  to  20).  Lanes:  1 and  1 1,  phage  >.  restricted  with 
Pul,  2 and  12, 157;  3 and  13, 524A-1;  4 and  14, 75-0-3;  5 and  15. 7B-0-1;  6 and  16. 
T1087;  7 and  17, 524A-2;  8 and  18,  l-A-0-1;  9 and  19,  DM-1;  10  and  20, X.  campesiris 
pv.  vcsicatoria  75-3.  Molecular  sizes  are  given  in  number  of  bases. 


the  group  B of  X.  campcsiris  pv.  vesicatoria,  and  two  to  group  C (Tabic  7-1).  The  fatty 
acid  analysis  did  not  identify  the  groups  of  strains  and  strains  75-0-3  and  9310  were 
similar  to  the  fatty  acid  library  of  X.  campcsiris  pv.  manihotis,  and  the  strains  T-93-23 
and  7B-0-1  that  were  very  similar  to  X.  campcsiris  pv.  alfalfae  and  X.  campcsiris  pv.  fici, 
respectively  ( fable  7-1 ).  Most  of  the  strains  that  produced  hypersensitive  reaction  on 
pepper  and  tomato  were  identified  as  X.  campcsiris  pv.  armoraciae.  X.  campcsiris  pv. 
campcstris,  X.  campcsiris  pv.  carotac.  or  X campcsiris  pv.  raphani.  with  a high  degree  of 
agreement  in  the  identification  by  analyses  of  DNA  sequences  related  to  the  hrp  genes 
and  by  fatty  acid  composition  (Table  7- 1 ).  Fifteen  strains  isolated  from  pepper  seeds 
were  identified  as  X.  campcsiris  pv.  carolae  by  analyses  of  DNA  sequences  related  to  the 
hrp  genes  and  fatty  acid  composition,  though  some  variability  was  observed  on  the 
reaction  on  plants  (Table  7- 1 ).  The  restriction  analysis  of  the  hrp- related  fragments 
amplified  from  the  strains  SP290.92. 157.  T1083.  DM-I,  LM-1, 9311,  724-4,  BSA1, 
BSA2,  and  BSA3  produced  pattern  different  from  those  determined  for  50  different 
groups  of  plant  pathogenic  xanlhomonads  (Chapter  4).  or  the  yield  obtained  in  the  DNA 
amplification  was  too  low  for  restriction  fragment  length  polymorphism  analysis. 
Therefore,  the  identification  of  these  strains  on  the  basis  of  the  restriction  profile  of  the 
/trp-related  fragments  to  pathovar  or  group  of  X.  campcsiris  was  not  possible. 


plant  pathogenic  bacteria  associated  with  seeds  and  other  plant  propagative  materials 
(Miller  and  Martin,  1988;  Schaad,  1982;Saettleretal.,  1989).  Based  on  the  results 
presented  here,  the  amplification  and  analysis  of  DNA  sequences  related  to  the  hrp  genes 


can  be  a useful  tool  for  the  specific  detection  and  identification  of  plant  pathogenic 
xanthomonad  V campestris  pv,  vcsicatoria  was  readily  detected  in  preparations 
containing  cells  added  to  pepper  and  tomato  seed  extracts  and  in  seed  washings  obtained 
from  naturally  contaminated  pepper  and  tomato  seeds.  The  sensitivity  of  the  method  of 
DNA  amplification  ranged  from  about  I02  to  I03  CFU/ml  of  seed  washings.  This  level 
was  100  to  1000  times  higher  than  the  level  obtained  with  ELISA,  and  it  is  certainly 
comparable  to  the  levels  obtained  with  the  most  sensitive  techniques  available  for 
detection  of  bacteria  (Pickup.  1991;  Saeltler  et  al„  1989).  Furthermore,  the  specificity  of 
the  method  allowed  the  detection  of  plant  pathogenic  xanthomonads  against  a 
background  bacterial  microflora  larger  than  I O’  CFU/g  of  seed.  This  level  of  non  target 
bacterial  population  may  have  prevented  the  detection  of  the  pathogen  by  plating  in 
general  and  scmisclcctivc  media. 

X.  campestris  pv.  vcsicatoria  was  detected  in  DNA  extracted  from  seed  washings 
containing  the  reagents  PVPP  and  sodium  ascorbate  and  from  preparations  without  these 
reagents.  Although  the  hrp  fragments  were  amplified  from  DNA  extracted  from  seed 
samples  without  adding  reagents  to  prevent  potential  inhibitors,  the  addition  of  PVPP  and 
sodium  ascorbate  in  the  seed  washings  before  nucleic  acid  extraction  may  be  needed  to 
assure  the  necessary'  purity  of  tile  DNA  lor  amplification.  The  presence  of  inhibitors  have 
been  a major  concern  in  the  extraction  of  high  quality  DNA  from  environmental  and  plant 
samples  (Holben  et  al..  1988;  Minsavagcet  al.,  1994;  Steffan  el  al.,  1988).  Nevertheless, 
the  addition  of  these  two  reagents  to  the  seed  washings  before  DNA  extraction  apparently 
did  not  interfere  with  the  yield  of  DNA  fragments  obtained  in  the  amplification  of  the  hrp 
fragments. 

A basic  feature  of  the  approach  for  recovering  bacterial  DNA  used  here  is  the 
initial  separation  of  intact  bacterial  cells  from  the  seed  washings  by  centrifugation.  This 


is  followed  by  lysis  of  the  cells  and  purification  of  die  DNA  recovered.  This  cell 
extraction  method  may  be  less  efficient  titan  the  direct  lysis  method  that  involves  the 
release  and  extraction  of  DNA  without  prior  separation  of  the  cells  from  the  original 
matrix  (Ogram  et  al..  1988;  Sleffan  ct  al.,  1988).  However,  the  cell  extraction  method  is 
likely  to  ensure  exclusion  of  extracellular  DNA  that  may  be  present  in  the  sample  and 
may  produce  DNA  of  higher  quality  (Holbcn  et  al..  1988;  Steffan  cl  al..  1988).  In  fact, 
incoi  cn  I in  the  detection  of  X.  campcslris  pv.  vesicatoria  were  obtained  with 
the  quick  approach  of  DNA  isolation  which  employs  direct  lysis  of  the  bacterial  cells  in 
the  original  extraction  matrix. 

The  procedure  of  amplification  of  DNA  sequences  of  the  hrp  genes  was  highly 
sensitive  and  specific  for  detection  of  plant  pathogenic  xanthomonads  in  DNA 
preparations  from  seeds  washes.  Based  on  dilution  plating  counts,  X.  campcslris  pv. 
vesicatoria  could  be  detected  in  prcparatioms  containing  less  than  102  CPU  added  to  seed 
extracts  (Table  7-2),  However,  this  level  of  sensitivity  may  be  improved  further  by 
including  a step  for  concentration  of  the  cells  in  the  sample  to  enhance  the  recovery  of 
bacterial  cells  (Roth,  1989;  Schaad,  1982).  The  concentration  step  concomitantly 
concentrates  unwanted  saprophyte  microfiora.  Although  the  presence  of  a large 
background  microfiora  is  a major  limitation  in  the  detection  of  plant  pathogenic 
xanthomonads  in  pepper  and  tomato  seeds  by  planting  on  general  or  even  semisclective 
media  (Gilaitis  et  al.,  1991;  McGuire  dal..  1986).  tile  specificity  of  the  DNA 
amplification  procedure  is  likely  to  overcome  this  kind  of  problem.  In  fact,  X.  campcslris 
pv.  vesicatoria  was  delected  in  naturally  contaminated  seed  lots  containing  background 
bacterial  microfiora  larger  than  107  CFU/g  of  seeds,  whereas  plating  on  sentiselective 
medium  failed  to  recover  the  xanthomonads  (Table  7-2).  Nevertheless,  the  transmission 
tests  confirmed  the  presence  of  viable  cells  of  plant  pathogenic  xanthomonads  in  5 seed 
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lots  oul  of  Ihc  1 1 which  produced  positive  results  in  the  DN A amplification  procedure. 
This  is  not  surprising  because  X.  campestris  pv.  vcsicatoria  has  the  capability  to  survive 
for  long  periods  of  time  in  seeds  and  to  initiate  disease  (Bashan  ct  al.,  1 982;  Gardner  and 
Kendrick.  1921, 1923). 

A diverse  group  of  xanlhomonads  was  found  associated  with  pepper  and  tomato 
seeds.  The  majority  of  Ihc  56  strains  examined  have  the  basic  characteristics  of  plant 
pathogenic  xanthomonads.  They  produced  pathogenic  or  hypersensitive  reaction  on 
plants  in  pathogenicity  tests,  and  DNA  sequences  related  to  the  hrp  genes  were  amplified 
Horn  their  genome.  On  the  contrary,  seven  strains  did  not  produce  reaction  on  plants,  and 
they  failed  to  produce  DNA  sequences  similar  to  the  hrp  genes  in  DNA  amplification 
assay.  These  strains  resemble  the  opportunistic  xanthomonads  that  have  been  described 
in  association  with  pepper  and  tomato  transplants  (Gttatuset  ah,  1987,  1992).  Among 
the  plant  pathogenic  xanthomonads,  only  nine  strains  were  positively  identified  as  Al 
campestris  pv.  vcsicatoria,  the  pepper  and  tomato  pathogen  (Table  7- 1 ).  Another  group 
included  potential  plant  pathogenic  strains  that  were  not  pathogenic  to  pepper  and  tomato 
but  instead  produced  a hypersensitive  reaction  on  these  plants.  Based  on  the  analyses  of 
DNA  sequences  related  to  hrp  genes  and  fatly  acid  composition,  they  were  highly  related 
to  different  padtovars  of  Al  campestris . but  not  to  X.  campestris  pv,  vesicatoria. 
Furthermore,  the  identification  of  the  strains  based  on  restriction  profiles  of  the  DNA 
sequences  related  to  the  hrp  genes  agreed  very  closely  with  the  identification  by  fatty  acid 
analysis.  Some  of  these  strains  were  identified  as  Al  campestris  pv,  campestris  though 
their  pathogenicity  to  cabbage  was  not  determined.  Strains  simitar  to  X.  campestris  pv. 
campestris  and  pathogenic  to  cabbage  have  been  reported  previously  on  pepper  and 
tomato  transplants  (Gitaitis  et  al.,  1987).  Other  strains  were  similar  to  Al  campestris  pv. 
raphani  which  has  also  been  found  commonly  in  association  with  pepper  and  tomato 


seeds  (Gilaitis  cl  al.,  1987).  Strains  of  this  palhovar  have  a large  host  range  and  may 
cause  disease  on  pepper  and  tomato  plants  (Gitaitis  et  al.,  1987:  White,  1930). 
Furthermore,  outbreaks  of  a bacterial  spot  on  tomato  transplants  in  southern  USA  have 
been  associated  to  strains  that  have  genetic  and  phenotypic  characteristics  similar  to  X 
campesiris  pv.  raphani  (R.  E.  Stall,  personal  communication).  Another  common 
intriguing  point  is  the  similarity  of  fifteen  strains  isolated  from  pepper  seeds  to  X. 
campesiris  pv.  carotae.  Both  restriction  analysis  of  the  DNA  sequences  related  to  the  hrp 
genes  and  fatly  acid  composition  agreed  in  the  identification  of  these  strains  as  X. 
campesiris  pv.  carotae  (Table  7-1 ),  I ant  unaware  of  any  previous  report  of  the 
association  of  strains  similar  to  X.  campesiris  pv.  carotae  with  pepper  seeds. 

The  presence  of  a diverse  xanthomonad  community  on  pepper  and  tomato  seeds 
certainly  poses  a major  concern  for  health  inspection  in  seed  certification  programs. 
Whereas  some  of  the  xanthomonads  are  probably  nonpathogenic  to  plants,  others  ore 
pathogenic  to  pepper  and  tomato.  The  latter  were  identified  as  X.  campesiris  pv. 
vesicatoria  based  on  pathogenicity  tests,  analysis  of  DNA  sequences  related  to  the  hrp 
genes,  and  fatty  acid  composition.  However,  a third  group  of  xanthomonads  that  includes 
potential  plant  pathogenic  bacteria  was  also  identified.  These  strains,  tentatively 
identified  as  belonging  to  different  pathovars  of  X.  campesiris , cause  hypersensitive 


However,  the  role  that  these  strains  may  play  in  a bacterial  disease  syndrome  on  pepper 
and  tomato  plants  remains  to  be  clarified.  Furthermore,  the  association  of  such  a diverse 
group  of  bacterial  pathogens  with  pepper  and  tomato  seeds  is  a major  problem  with  the 
procedures  currently  available  for  their  detection  and  identification.  These  strains  grow 
on  scmiselcctive  media  developed  for  the  pepper  and  tomato  pathogen  X.  campesiris  pv. 
vesicatoria  (Gitaitis  et  al..  1987. 1991;  McGuire  et  al.,  1 986)  and  they  may  cause  certain 


I tomato  plants  under  artificial  inoculation. 
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reactions  on  plants  under  artificial  inoculations.  Therefore,  additional  studies  are 
necessary  to  determine  the  role  of  these  xanthomonads  found  in  the  seeds  of  pepper  and 
tomato  in  the  subsequent  development  of  bacterial  diseases  on  seedlings  and  plants. 

In  conclusion,  a procedure  based  on  amplification  of  Arp-related  fragments  was 
examined  for  sensitive  and  specific  detection  of  plant  pathogenic  *amhomun<id» 
associated  with  pepper  and  tomato  seeds.  The  complexity  of  the  xanthomonads 
community  found  on  seeds  was  assessed,  and  confirmed  previous  results  obtained  by 
other  researchers  using  different  methods  (GitaUis  cl  al.,  1987. 1992).  Furthermore,  the 
combined  sensitivity  and  specificity  of  the  DNA  amplification  approach  certainly  makes 
the  procedure  on  indispensable  tool  for  the  detection  and  identification  of  plant 
pathogenic  xanthomonads  in  seeds  and  other  propagative  materials.  Although  the 
different  xanthomonads  could  not  be  distinguished  by  the  size  of  the  amplified  DNA 
fragment,  the  restriction  fragment  length  polymorphism  present  in  the  DNA  sequences 
related  to  the  Arp  genes  obtained  from  different  strains  of  Xanthomonas  was  valuable  for 
differentiation  of  these  plant  pathogenic  xanthomonads.  Furthermore,  the  comparison  of 
the  restriction  profile  to  predetermined  profiles  of  several  pathovars  of  X,  canipestris 
(Chapter  4)  allowed  the  tentative  and  precise  identification  of  these  plant  pathogenic 
xanthomonads. 


CHAPTER  8 

SUMMARY  AND  CONCLUSIONS 


The  plant  pathogenic  xanthomonads  form  a diverse  group  of  usually  yellow- 

differentiation  of  these  bacteria  at  the  subgcneric  level  is  by  the  capability  of  the 
bacterial  strain  to  cause  characteristic  disease  or  by  reference  to  their  host  range  (Dye  et 
al.,  1980;  Vauterin  et  al.,  1990a;  Young  et  al.,  1992).  In  fact,  it  is  almost  impossible  to 
differentiate  the  xanthomonads  by  biochemical  and  physiological  features  without 
knowing  their  plant  hosts  (Bradbury,  1984;  Dye.  1962;  Holt  et  al.,  1994;  Schaad,  1988; 
Van  den  Mooter  and  Swings,  1990).  On  the  contrary,  the  genomic  relationship  among 
plant  pathogenic  xanthomonads  has  revealed  a group  of  bacteria  with  diverse  genetic 
background  (Hildebrand  ctal.,  l990;Palleronietal.,  1993;  Vauterin  eta!.,  1993).  In 
this  work.  I investigated  a specific  region  of  the  bacterial  genome,  the  DNA  sequences 
related  to  the  hypersensitive  reaction  and  pathogenicity  (hrp)  genes,  for  differentiation 
of  the  xanthomonads  and  also  for  the  establishment  of  the  evolutionary  relationships 

Three  sets  of  oligonucleotide  primers  selected  from  the  DNA  sequence  of  the 
hrp  genes  of  X.  campestrix  pv.  vesicatoria  were  tested  for  amplification  of  DNA 
fragments  from  different  plant  pathogenic  xanthomonads.  Two  sets  of  primere,  RST2 
plus  RST3  and  RST9  plus  RST10,  are  specific  for  the  hrpB,  and  the  set  RST21  plus 
RST22  is  specific  for  a region  of  the  hrpC/D  ofX.  campestrix  pv.  vesicatoria  75-3. 
DNA  fragments  were  amplified  from  X.  Jragariae  and  from  3 1 of  33  plant  pathogenic 
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species.  In  all  cases,  each  sei  of  primers  amplified  DN  A fragments  identical  in  size, 
suggesting  a high  degree  of  structural  conservation  between  operon,  as  seen  with  the 
primers  RST21  and  RST22.  Furthermore,  the  pathogenicity  of  several  nonpathogcnic 
Tni-gur  mutants  of*  campestris  pv.  vcsicatoria  85-10  was  fully  restored  with  cloned 
regions  of  DNA  of*  campestris  pv,  vcsicatoria  group  Band*  campestris  pv. 
pelargonii,  from  which  the  Arp-related  fragments  were  amplified.  This  supports  the 
contention  that  the  fragments  were  amplified  from  DNA  sequences  which  also  control 
the  pathogenicity  in  other  xanthomonads. 

In  contrast  to  the  narrow  spectrum  of  oligonucleotide  primers  previously 
described  for  detection  and  identification  of  only  certain  strains  of*  campestris 
(Garde  and  Bender.  1991;  Harlung.  1 992).  the  Arp-specific  primer  sets  RST2  plus 
RST3  and  RST21  plus  RST22  were  useful  for  identification  of  a large  number  of  plant 
pathogenic  xanthomonads.  This  is  not  surprising,  because  the  Itrp  region  seems  to  be 
very  conserved  among  different  plant  pathogenic  xanthomonads  as  determined  in  the 
present  and  previous  studies  (Bonasetal.,  1991;  Stall  and  Minsavagc,  1990).  On  the 
other  hand,  the  primers  RST9  and  RST10  allowed  amplification  of  DNA  fragment  only 
from  a limited  number  of  pathovars  of*  campestris,  although  the  hrp  fragment 
amplified  with  these  primers  from  * campestris  pv.  vesicatoria  75-3  hybridized  to  the 

indicate  differences  in  the  DNA  sequences  of  the  xanthomonads  corresponding  to  one 
or  both  primers  used.  However,  the  set  of  primers  RST9  and  RSTIO  seems  useful  for 

fici.  * campestris  pv.  physalidicola  and  * campestris  XI 98. 


nplificd  from  different  pla 


riction  analysis  of  the 


840-  and  1,075-bp  DNA  fragments  with  frequent-cutting  endonucleases 

extension  of  the  divetsity  of  fo-p-relatcd  sequences  of  192  strains  of  plant  pathogenic 
xnnthomonads  revealed  that  only  a few  laxa  of  the  xanthomonods  are  homogeneous. 
This  includes  X.  fragariae,  X.  campeslris  pv.  begoniae,  X.  campeslris  pv.  campestris, 

X.  campeslris  pv.  malvaceantm.  and  X.  campeslris  pv.  pelargonii.  The  homogeneous 
population  structure  of  these  taxa  has  also  been  supported  by  using  different  methods, 
such  as  DNA-DNA  hybridization,  tatty  acid  composition,  and  SDS-PAGE  of  proteins 
(Vautcrin  et  al.,  1990a.  1991a;  Yang  et  al„  1993).  On  the  contrary,  the  majority  of  the 
palhovars  of  X.  campeslris  seem  to  comprise  an  heterogeneous  group  of  strains  as 
determined  by  the  analysis  of  the  /rrp-related  sequences.  Whereas  strains  of  some 
palhovars  formed  distinct  and  uniform  subgroups,  c.g.  X,  campeslris  pv.  citri,  X. 
campeslris  pv.  dicffenbachiac,  and  X.  campeslris  pv.  vesicatoria,  other  palhovars  were 
composed  of  a highly  diverse  group  of  strains.  The  latter  may  be  well  characterized  by 
the  population  structure  determined  for*.  campeslris  pv.  citrumelo.  The  16  strains  of 

groups  on  the  basis  of  the  restriction  banding  profiles  generated  for  the  two  br/j-related 
fragments  digested  with  four  different  endonucleases.  The  diverse  nature  of  the  strains 
of*  campeslris  pv.  citrumelo  has  been  reported  previously  based  on  DNA  homology, 
restriction  fragment  length  polymorphism  analysis,  fatty  acid  composition,  and  SDS- 
PAGE  ofprotcins(Egeleta!„  1991;  Gabriel  etal..  1988. 1989;  Graham  etal.,  1990; 
Hartung  and  Civerolo,  1987, 1989;  Vautcrin  et  al.,  1991a). 

The  most  striking  feature  of  the  restriction  analysis  of  the  amplified  Arp- related 
fragments  is  the  possibility  for  differentiation  of  almost  all  the  pathovars  and  groups  of 
X campeslris  included  in  the  study  on  the  basis  of  the  restriction  banding  profile  of  the 
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the  56  strains  isolated  from  pepper  and  tomato  seeds  or  seedlings,  only  nine  strains 
were  positively  identified  as  X.  campestris  pv.  vesicatoria,  the  pepper  and  tomato 
pathogen.  The  other  strains  formed  two  distinct  groups.  Seven  strains  did  not  produce 
a reaction  on  pepper  and  tomato  plants,  and  they  failed  to  produce  DNA  sequences 
similar  to  the  hrp  genes.  These  strains  resemble  the  opportunistic  xanthomonads  that 
have  been  described  previously  in  association  with  pepper  and  tomato  transplants 
(Gitaitis  et  al.,  1987, 1992).  The  other  group  of  xanthomonads  included  potential  plant 
pathogenic  strains  that  were  not  pathogenic  to  pepper  and  tomato,  but  instead  caused  a 
hypersensitive  reaction  or  no  reaction  on  these  plants  under  artificial  inoculation. 

These  strains  were  tentatively  identified  as  belonging  to  different  pathovars  of  A! 

with  pepper  and  tomato  seeds  and  transplants  is  of  major  significance  for  the  health 
inspection  in  certification  programs,  particularly  with  the  procedures  currently 
available  for  the  detection  and  identification  of  plant  pathogenic  xanthomonads  (Holt, 
1994;  Sacttler  ct  al.,  1989;  Schaad.  1988).  Although  more  investigation  may  be 
necessary,  the  combined  specificity  and  sensitivity  of  the  DNA  amplification  approach 
of  /wy7*rclatcd  fragments  seems  highly  promising  for  the  detection  and  identification  of 

Differences  observed  in  the  number  of  common  restriction  fragments  of  the 
amplified  DNA  sequences  related  to  the  hrp  genes  indicated  that  there  is  variation  in 

xanthomonads.  The  rclatcdncss  of  the  hrp  genes  of  the  different  plant  pathogenic 
xanthomonads  was  further  investigated  by  phylogenetic  analysis.  This  analysis 
revealed  a diverse  evolutionary  relationship  for  the  hrp  genes  of  the  plant  pathogenic 
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xanthomonads.  The  hypothesis  of  coevolution  of  the  hrp  region  with  the  rest  of  the 
genome  from  a common  ancestor  is  supported  in  several  cases.  For  instance,  the 
similarity  in  the  hrpB  and  hrpC/D  regions  examined  in  this  study  for  the  groups  A and 
B ofX  campesiris  pv.  vesicatoria  was  less  than  0.51.  This  genetic  divergence  of  the 
hrp  genes  is  in  agreement  with  the  results  obtained  when  the  entire  genome  of  these 
two  groups  of  vT,  campesiris  pv.  vesicatoria  were  compared  on  the  basis  of  DN  A 
homology  (Stall  et  al.,  1 994).  Although  these  pathogens  cause  similar  diseases  on 
solanaccous  plants,  their  hrp  genes  are  genetically  diverse  to  the  same  extent  as  the  rest 
of  the  genome.  Furthermore,  these  comparisons  do  not  support  the  contention  that 
there  was  a higher  selective  pressure  for  the  hrp  sequences  than  for  other  regions  of  the 
genome  nor  that  a horizontal  movement  of  the  hrp  region  of  the  genome  may  have 
occurred  between  strains  of  the  two  groups  of  X.  campesiris  pv.  vesicatoria.  Further 
evidence  to  support  the  coevolution  of  the  hrp  genes  and  the  rest  of  the  genome 
involves  the  pathovars  X.  campesiris  pv.  carotae,  .V.  campesiris  pv.  gardneri,  and  X. 
campesiris  pv.  pelargonii.  Although  these  xanthomonads  have  very  distinct  host 
ranges,  they  are  genetically  closely  related  based  on  DNA-DNA  hybridization 
(Hildebrand  et  al.,  1989;  Palleroni  et  al.,  1993).  In  relation  to  the  hrp  genes  they  arc 

cocvolution  of  the  hrp  genes  and  the  rest  of  the  genome  from  a common  bacterial 
ancestor  for  certain  plant  pathogenic  xanthomonads  and  also  substantiates  the 
divergence  between  hrp  genes  and  host  spccialion.  An  important  conclusion  from  the 
phylogenetic  studies  is  the  divergence  between  hrp  genes  and  host  specificity.  The  hrp 
genes  are  essential  for  the  development  of  disease  on  compatible  hosts  and 
hypersensitive  reaction  on  both  resistant  host  and  nonhost  plants  (Willis  et  al.,  1991). 
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lack  of  host  speciation  (Arlat  et  al.  1992;  Bonas  el  al.,  1991).  Although  the  hrp  genes 
are  necessary  in  the  plant-pathogen  interaction,  other  factors  in  the  bacterial  pathogen 
are  likely  to  be  involved  in  host  specialization  (Fcnselau  et  al.,  1992;  Gough  et  al., 
1992). 

On  the  contrary,  there  is  also  indication  of  horizontal  movement  of  the  hrp 
genes  among  plant  pathogenic  xanthomonads.  This  hypothesis  is  supported  by  two 
lines  of  evidences,  the  presence  of  similar  hrp  sequences  in  strains  with  divergent 
genetic  background  and  variability  in  the  relaledness  between  strains  depending  on  the 
hrp  region  examined.  In  the  first  case,  the  hrp  genes  of  the  strains  of  A'  campeslris  pv. 
vesicatoria  A were  very  closely  related  to  the  homologous  sequences  of  the  strains  of 
A campeslris  pv.  citrumelo.  The  estimated  genetic  relatedncss  between  strains  of  these 
two  pathovars  for  both  hrp-related  regions  examined  ranged  in  all  from  0.71  to  0.96. 
Furthermore,  the  phylogenetic  analysis  strongly  supports  a monophylctic  relationship 
for  the  hrp  genes  of  the  strains  of  both  pathovars.  In  contrast,  DNA  homology  studies 
indicated  that  the  strains  of  these  two  pathovars  are  not  closely  related,  with  genomic 
similarity  usually  below  0.58  (Egcl,  1991). 

Stronger  evidence  to  support  the  contention  of  horizontal  movement  of  the  hrp 
genes  among  the  plant  pathogenic  xanthomonads  is  the  variability  in  the  relatedness 
between  strains  for  the  two  distinct  hrp  regions  examined.  For  instance,  the  hrpC/D 
region  of  Al  campeslris  pv.  vignicola  is  phylogenetically  monophylctic  and  closely 
related  to  the  homologous  hrp  region  of  a group  of  pathovars  of  A.  campeslris  that 
includes  X.  campeslris  pv.  bilvae.  X.  campeslris  pv.  citri,  X campeslris  pv.  glycines  A, 
X.  campeslris  pv.  malvaccanim.  X.  campeslris  pv.  phascoli  B,  A',  campeslris  pv, 
phascoli  Tuscans",  and  X.  campeslris  pv.  vitians  B.  On  the  contrary,  the  hrpB  region 
of  A campeslris  pv.  vignicola  though  monophylctic  is  closely  related  to  the 
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homologous  hrp  region  of  X,  campeslris  pv\  begoniae.  X.  campeslris  pv. 
dieffcnbachiae,  X campeslris  pv.  maculifoliigardcniae,  X.  campeslris  pv.  manihotis, 
and  X.  campeslris  pv.  phascoli  A.  Since  ihere  is  no  genetic  and  functional  indication  of 
selection  pressure  regarding  the  hrp  genes,  the  most  likely  hypothesis  to  explain  the 
source  of  the  variability  in  the  relatedncss  for  these  two  regions  of  the  genome  of  X. 
campeslris  pv.  vignicola  remains  in  the  origin  of  the  hrpB  and  hrpC/D  genes  from 
distinct  ancestors.  The  coexistence  in  the  same  biological  niche  may  have  provided 
opportunities  for  the  lateral  movement  of  this  region  of  bacterial  genome  between 
xanthomonads.  The  horizontal  movement  of  genetic  material  between  bacteria  is  a 
common  and  important  mechanism  in  bacterial  evolution  (Krawicc  and  Riley,  1990). 
Furthermore,  the  resemblance  at  the  protein  level  of  the  hrp  genes  of  the  xanthomonads 
with  genes  involved  in  the  secretion  of  pathogenicity  factors  of  genetically  distant 
organisms,  such  as  the  animal  pathogens  of  the  genus  yersinia  (Fenselau  et  al„  1992; 
Gough  ct  al.,  1992),  is  also  intriguing.  If  this  means  a convergent  functional  evolution 
or  a common  bacterial  ancestor  remains  to  be  clarified.  Nevertheless,  the  phylogeny  of 
the  hrp  genes  of  plant  pathogenic  xanthomonads  may  provide  a framework  and  a 
rational  basis  through  which  origins  and  differentiation  of  the  xanthomonads  may  be 

The  classification  of  plant  pathogenic  bacteria  at  pathovar  level  was  not  based 
initially  on  the  genetic  or  other  intrinsic  characteristic  of  the  organism  but  rather  on  the 
host  from  which  the  bacteria  were  isolated  (Bradbury,  1984;  Dye  et  al.,  1980). 
Furthermore,  comprehensive  studies  on  the  genetic  and  phenotypic  characteristics  have 
supported  the  existence  of  a high  degree  of  diversity  among  strains  of  a given  pathovar 


of  X.  campeslris.  The  genetic  analysis  of  the  /irp-related  sequences  also  indicates  a 
large  diversity  among  the  plant  pathogenic  xanthomonads.  Furthermore,  the  diversity 
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or  uniformity  of  the  different  taxa  of  xanthomonads  assessed  on  the  basis  of  restriction 
analysis  of  Arp-related  sequences  apparently  agrees  very  closely  with  the  structure 
established  by  using  other  methods.  However,  the  restriction  banding  profiles 

approach  for  identification  of  plant  pathogenic  xanthomonads,  compared  to  other 

fragment  length  polymorphism  analysis  by  using  random  or  specific  DNA  probes. 
However,  more  extensive  work  is  necessary  to  further  characterize  the  Arp-related 
sequence  variation  in  other  groups  of  plant  pathogenic  xanthomonads.  Furthermore, 
DNA-DNA  hybridization  data  is  also  necessary  to  determine  the  consistency  of  the 


APPENDIX , 


BACTERIAL  STRAINS  AND  PLASMIDS  USED  IN  THIS  STUDY 


Xanthomonas 
X.  campeslris 


pv.alfalfac 


G-22  (KS)  DLS 

82-1  RES 

63-27,417,756  JBJ 

XCB9,  X274,  X28I,  X329,  X6I0,  X627,  ARC 

XI490,  X1492,  X1496 

XCB  ELC 

33913  ATCC 

62-1, 62-9a,  65-6b,  70-3, 70-S,  71-2, 83-1, 83-  JBJ 
2 

S3,  #5, 47,  #9,  #12,  #13,  #16  RES 

6207  ARC 


DPI 

3213. 3340, 9760-2, 9771,  Tl,  1 15A 

B64,  B69.  B80,  B84.  B93.  B94,  B148 

70C,  338, 339, 340, 341,342 

FI,  F6,  F54,  F59,  F86,  F94,  F100,  F228,  DPI 

F254,  F274,  F306,  F31 1,  F348,  F361,  F378, 

3166 

X729  RES 
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1% 


'V.  gardneri 


X260,  X422,  X736,  X738,  X739,  X745. 

X757,  X763,  X790,  X1238,  XI241,  X1246, 

X1272,  XI292,  X1298,  X1426 

XI25,  X151.X208,  X212,  X224,  X548, 

X687.X702 

XG10I 

XV6, 1066 

G-56, 86-1 6, 86-1 7, 86- 1 8. 86-20, 87-2 


9561-1,  UK152.  UK1S3 


phascoli  "luscans"  XP163A 
physalidicola  XP172 


X1219L,  X12I9S,  X1220L,  X1220S 
16B,  69-2, 69-4B,  69-8R 
XCI29C 


Continued  on  fallowing  page 
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DCH 

RES 


75-3, 82-4, 85-10, 87-21, 87-35T,  87-44T,  87- 
48T,  89-8.  89-10, 90-20, 90-21, 90-27, 90-40, 

90-60, 91-66, 91-72, 92-11, 92-15, 92-16, 92- 
17, 92-1 19, 1712, 6107,  XV14,  XV17 
141, 0226A,  03 50 A,  695, 853, 1062,  B-3.B-  RES 

20,  BA28-1,  BV5-5.  XV56 

92-118,92-120  RES 


pv.  vitians  1CPB101,ICPBI64,XV1T,XV2,XV3,  RES 

XI215 

undetermined  and  XCF  ELC 

isolated  from  Feronia 


undetermined  and  X10,X27,X52,  DWG 

isolated  from  Hibiscus 

undetermined  and  XI98  ARC 

regime 

undetermined  and  1, 2, 2-8, 4, 7, 8, 9, 10, 11, 12, 17, 661, 663,  RES 

opportunistic  AAI,  CB,  Danny  Gay,  INA,  INA42,  INA69, 

RG-1,  S52,  T-55,  T-56,  Toad  Flax,  TP78 

X.  aibilineuns  91-065  JCC 

X-fragariae  GC-62S9,GC-6265,X1238,X1241,X1244,  ARC 

X1246,  X1292,  X1298,  X1426 

X.  maltophilia  RES 
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Pathovar 

A.  avenue  subsp.  avenac  UKI42-A 
A.  arenas  subsp.  cilrulil  UK20 

Agrobacterium  LBAIOSO 

Clavibacier michiganense 


K-SR-347,  B-SR38 

NF-33 

SW2 


JAB 

RES 

DLC 


P.  solanacearum  K60 

GM1/I000 

P.  syringae 

pv.  syringae  INB 

pv.  tomato  987 

Xylella fastidiosa  89-1 


AK 


RES 

RES 


DLH 


■AK,  A.  Kelman,  University  of  Wisconsin,  Madison,  WI;  ARC,  A.  R.  Chase, 
University  of  Florida,  Apopka,  FL;  ATCC,  American  Type  Culture  Collection, 
Rockville,  MD;  BJS,  B.  J.  Staskawicz,  University  of  California,  Berkely,  CA;  DCH, 
D.  C.  Hildebrand,  University  of  California,  Berkely.  CA;  DLC,  D.  L.  Coplin,  Ohio 
State  University,  Columbus,  OH;  DLH,  D.  L.  Hopkins,  University  of  Florida, 
Leesburg,  FL;  DLS,  D.  L.  Stutevillc,  Kansas  State  University.  Manhattan,  KS;  DPI, 
Department  of  Plant  Industry,  Gainesville,  FL;  DWG,  D.  W.  Gabriel,  University  of 
Florida,  Gainesville,  FL;  ELC,  E.  L.  Civerolo,  U.S.  Department  of  Agriculture, 
Beltsvillc,  MD;  JAB,  J.  A,  Burly.  University  of  Florida,  Gainesville,  FL;  JBJ,  J.  B. 
Jones.  University  of  Florida.  Bradenton.  FL;  JCC,  J.  C.  Comstock,  U.S.  Department 
of  Agriculture,  Canal  Point,  FL;  JEH,  J.  E.  Hunter,  Cornell  University,  Geneva,  NY; 
JEL,  J.  E,  Leach.  Kansas  State  University,  Manhattan,  KS;  RES,  R,  E.  Stall, 
University  of  Florida,  Gainesville,  FL. 
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Tabic  A-2 —Continued 


pXV56/3-48  pLARF3  cosmid  clone  from  X.  c.  p*.  This  study 


pXCP58/2  pLARFJ  cosmid  clone  from  X.  c.  pv.  This  study 

■BRL,  Bcthcsda  Research  Laboratories,  Gailhersbui*.  MD:  Smttagenc.  Siratagene,  Inc..  U Jolla.  CA. 
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SAS  PROGRAM  TO  ESTIMATE  THE  SIMILARITY  VALUES 
FROM  RESTRICTION  FRAGMENT  DATA 


options  ls=80  ps=54  nodate  nonumber; 

data  dna_type; 
infile  bands  lrecl=835; 

input  bacteria  S band  1 -band  100;  /•  Read  data  from  file  Bacteria  and  set  number  of 
/*  fragments  compared  */ 

proc  sort  daladna  type; 


data  dna_type; 

bactl=_n_; 

bacl2=_n_; 


proc  transpose  data=dna_type  out=transout;  /•  Create  a new  set  with  rows  of  the  */ 
var  band  I -band  1 00;  /*  original  data  matrix  becoming 


%do  i=  I %to  3;  /•  the  caulculations  until  j = H of  strains  to  be  */ 

%doj=%eval  (&i+I)  %to  4;  /*  compared;  i = j - 1 */ 
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data  temp;  /•  Compare  fragment  data  between  two  •/ 

set  transmit  (keep=col&i  col&j);  /•  strains  and  create  a new  data  set  •/ 
column!  =col&i; 
column2=col&j; 

ifcolumnl=l  &column2=l  then  prod=l; 
keep  column!  column2  prod; 


proc  means  noprint  data-temp; 


kcepcoefbactl  bact2; 


data  cocfmtx; 


%end; 


set  coefmtx; 
if  bactl=.  then 


by  bact2; 

merge  cocfmtx  (in=i)  dna_type  (kccp=bact2  bacteria); 
by  bact2; 


APPENDIX  C 


SAS  PROGRAM  TO  ESTIMATE  THE  NUCLEOTIDE 
SUBSTITUTION  BASED  ON  RESTRICTION  FRAGMENT  DATA 
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